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The upstream pseudoknot domain (UPD) of Tobacco mosaic virus (TMV) genome 
plays an important role during virus replication and translation. The functions of UPD 
were analyzed using a substituted mutant TMV-43A in which an introduced 43 nt poly(A) 
tract replaced the UPD in TMV genome. TMV-43A displayed reduced replication 
efficiency and induced mosaic symptoms in Nicotiana benthamiana. Deep sequencing 
results showed that small RNA profiles differed between TMV- and TMV-43A-infected 
plants. Several viral small interfering RNAs derived from TMV-UPD were predicted to 
target host genes. RNA structures were analyzed using selective 2′-hydroxyl acylation 
analyzed by primer extension (SHAPE), when both internal poly(A) tract and UPD were 
present in the viral genome. Results showed that the longer the internal poly(A) tract 
introduced to a location upstream of UPD, the slower virus replication and infectivity. In 
addition, a novel stem loop structure that regulates viral replication was discovered in 
TMV genome. This study provides good evidence for the role of viral UPD in affecting 
plant defense responses upon infection, and the structural study of TMV UPD with 
internal poly(A) tract using SHAPE technology would be a significant endeavor in 
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Chapter 1 Literature review 
 
This chapter presents a summary of literature pertinent to studies on RNA 
pseudoknot in viral genomes associated with its functions for viral translation and 
replication. In addition to a review on breakthrough studies of RNA pseudoknot, previous 
studies about other RNA elements in viral genomes are discussed. The known functions 
of poly(A) tail and the internal poly(A) tract for viruses are reviewed and the importance 
of polyadenylation during viral translation is evaluated to highlight the rationale for the 
alternative method proposed in the present study on the functional analysis of the RNA 
pseudoknots in Tobacco mosaic virus (TMV) with an introduced internal poly(A) tract. 
1. 1 Cis- and trans-acting RNA elements in viral genome 
Positive-strand RNA viruses contain cis- and trans-acting nucleotide sequences in 
their 5’- and 3’-UTRs (Buck 1996, Duggal et al. 1994, Lai 1998). These nucleotide 
sequences would affect and perform indispensable roles in viral RNA replication. They 
often form certain structures or RNA motif. Therefore, these nucleotide sequences were 
commonly referred as: elements, factors, signals, motifs, structures or sequences. For 
cis-acting sequences, the nucleotide sequences and their action site are located in the 
same molecule; for trans-acting sequences, the nucleotide sequences and their action site 
are located in separate molecules.  
In positive single-stranded RNA viral genomes, the cis-acting elements needed for 
viral RNA replication are generally found at both the 5’- and 3’- UTRs of the viral RNA 
genome (Alvarez et al. 2005, Barton et al. 2001, Dreher 1999). The 3’-terminal cis-acting 
 2 
 
elements are required for recognition and replication of the RNA genome by specific 
viral polymerases. Those 3’-terminal cis-acting elements possess different characteristics, 
such as containing a poly(A) tail, pseudoknots, tRNA-like structures (TLS), stem-loop 
structures, or short primary sequences without high order structures (Dreher 1999, Dreher 
and Miller 2006, Han et al. 1991). However, certain cis-acting elements also exist within 
the protein-coding regions of viral genomes, such as in Tomato bushy stunt virus (TBSV) 
(Ray and White 2003). There were also some cis-acting elements placed in the internal of 
Bamboo mosaic virus (BMV) genome (Pacha et al. 1990). Those internal cis-acting 
elements always have long-distance interaction with other sequences in the same viral 
genome to facilitate virus replication and translation, such as in Potato virus X (PVX) 
(Kim and Hemenway 1997, KIM and HEMENWAY 1999). The long-distance 
RNA-RNA interaction between terminal elements and the same subset of internal 
elements on PVX mediates minus- and plus-strand RNA synthesis (Kim et al. 2002, 
Miller and White 2006).  
The cis-acting elements are structural varied from short linear nucleotide sequences 
to extensive multiple stem-loop structures. Those different structural cis-acting elements 
could exist in the same viral genome to play different roles during virus replication. BMV 
possesses three different types of promoters for different functions. There is a TLS at the 
3’-end of BMV genomic RNAs and it contains motifs required for negative-strand RNA 
synthesis. A subgenomic RNA promoter located internally on the genomic RNA, and 
another promoter located at the 3’-terminus of negative-strand intermediates and is 
required for synthesis of positive-strand genomic RNA (Barends et al. 2004, Sullivan and 
Ahlquist 1999). Similar replication enhancers also have been found in several other plant 
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viruses, such as, Alfalfa mosaic virus (AMV) (Reusken and Bol 1996), Turnip crinkle 
virus (TCV) (McCormack et al. 2008, Qu and Morris 2000) and TBSV (RAY et al. 2003). 
Moreover, the RNA replication promoters in TCV are well organized. It contains an 
RNA replication enhancer sequence and a replication initiation sequence to behave as a 
module for regulating virus replication (Yuan et al. 2009).     
1.2 Roles of cis-acting elements in plant viruses 
Three functions of cis-acting elements have been discovered: to recognize the 
cognate RNA and help its replication, to recruit viral RNA-dependent RNA polymerase 
(RdRp), and to facilitate initiation of complementary strand RNA synthesis (Mandahar 
2006). They also play important roles during viral RNA recombination, viral evolution 
and adaption.  
For the internal cis-acting motifs in viral genomes, their functions contain binding of 
host factors to assemble replicase complex for virus replication. They can also interact 
with other RNA motifs in either viral genome or several host proteins to facilitate viral 
transcription and translation. The movement protein (MP) and coat protein of TMV are 
expressed from 3’-coterminal subgenomic RNAs (sgRNA). A putative stem-loop 
structure that is located upstream of the MP sgRNA transcription start site is shown to be 
required for MP sgRNA promoter activity. In the stem-loop structure, the loop structure 
was essential for viral transcription and the stem plays an enhancing role (Grdzelishvili et 
al. 2000).   
For the cis-acting elements that are located at either 5’ or 3’ end of viral genome, 
they normally affect viral transcription and translation. In TMV viral genome, the 
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5’-leader sequence in the untranslated region has been shown to enhance the translation 
of contiguous foreign gene transcription both in vitro and in vivo (Gallie et al. 1987). 
Despite the absence of extensive secondary structure, the 5’-leader sequence possesses a 
stable compact conformation with its central part CAA repeats and flanked U-rich 
regions. In addition, the CAA core region could interact with the 3’-AU-rich region to 
form a stable tertiary structure, contributing to enhanced efficiency of viral transcription 
and translation (Gallie 2002, Gallie et al. 1988, Sleat et al. 1987). Same as that of TMV, 
there is also a TLS located in the 3’-noncoding regions of BMV that directs the initiation 
of minus-strand RNA synthesis. The stem-loop binds BMV replicase through clamped 
adenine motif, which is required to direct the minus-strand replication (Miller et al. 
1986).   
1.3 Trans-acting elements in plant viral genome 
A trans-acting element is usually a DNA sequence that contains a gene. This gene 
codes a protein or generates microRNAs or other molecules that used in the regulation of 
another target gene. Since most plant viruses are single-stranded RNA viruses and the 
coded viral proteins or RNA elements in viral genome are normally used for the viral 
regulations, there are less trans-acting elements exist in plant viruses than that of 
cis-acting elements.  
However, several viruses are associated with satellite RNAs (satRNAs) and satellite 
viruses. All the processes of those satRNAs and satellite viruses are relied on their 
cognate helper viruses. Several satellite viruses exist in association with their helper 
viruses in natural plant infections, such as, Satellite maize white line mosaic virus 
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(SMWMV) (Zhang et al. 1991), Satellite panicum mosaic virus (SPMV) (Masuta et al. 
1987), Satellite tobacco mosaic virus (STMV) (Maniloff et al. 2009), and Satellite 
tobacco necrosis virus (STNV) (Danthinne et al. 1993). The trans-acting regulations 
occurred between those satellite viruses and their helper viruses during natural infections. 
The helper viruses recognize their respective satellite viruses or satellite RNAs in trans, 
and this recognition is mainly by the fixed structure or sequences present in the 5’- and 
3’-UTRs of helper viruses. The helper viruses and the host plants provide all the 
trans-acting factors that needed for the satellite viruses replication, encapsidation and 
transmission (Hu et al. 2009, Simon et al. 2004). On the other hand, the satellite viruses 
or satellite RNAs would also facilitate their help viruses infection and movements 
(Pantaleo and Burgyán 2008, Wang et al. 2004).  
In addition to the satellite viruses, Lettuce infectious yellows virus (LIYV) was found 
that its RNA1 ORF2 encodes a trans enhancer for RNA2 accumulation (Wang et al. 2009, 
Yeh et al. 2000). Also, a 20 nucleotides stem-loop structure in Red clover necrotic 
mosaic virus (RCNMV) RNA2 was found to be functional as a trans-activator for the 
subgenomic RNA synthesis from RNA1. The stem-loop structure mediates the 
subgenomic RNA transcription through direct base pairing between RNA1 and RNA2 
(Mizumoto et al. 2003, Sit et al. 1998, Tatsuta et al. 2005).  
1.4 RNA pseudoknots 
1.4.1 Types of RNA pseudoknots 
A pseudoknot is a nucleic acid secondary structure containing at least two stem-loop 
structures in which half of one stem is intercalated between the two halves of another 
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stem. The pseudoknot was first recognized in the Turnip yellow mosaic virus (TYMV) in 
1982 (Rietveld et al. 1982). According to the distinct folding topologies of pseudoknots, 
to date, the best characterized pseudoknots are the H-type, referred to as hairpin type 
pseudoknots. Such pseudoknots classically have two base-paired stem regions (S1 and 
S2). The bases in the loop of a hairpin form intra-molecular pairs with bases outside of 
the stem. This causes the formation of a secondary stem and loop. The two stems are 
stacked one on top of the other to form a quasi-continuous helix and the loop regions 
often interact with the adjacent stems to form hydrogen bonds. Therefore, the H-type 
folding of RNA yields a very complex and stable structure. However, because of the 
length variations of the stems and loops, as well as the different types of interactions 
between them, the RNA pseudoknots have diverse groups based on their structures. For 
example, there are also single-stranded bulges (B), interior (I) and multi-branched (M) 
loops, which are formed in the RNA pseudoknots by base-pairing, and the intramolecular 
hairpins interact with the loops elsewhere in the same RNA to form the 
hairpin-loop-hairpin-loop structure, termed as the H-H or so called kissing loop structure. 
This kind of RNA pseudoknots are more complicated than simple stem-loop interactions, 
such as the H-type (Staple and Butcher 2005, Westhof and Jaeger 1992).   
1.4.2. Diverse functions of RNA pseudoknots in viruses 
RNA pseudoknots are structural elements found in almost all classes of RNA, they 
are now recognized as a widespread motif with diverse functions in various biological 




Pseudoknots are present in the internal ribosome entry site (IRES) 
Most eukaryotic cellular messenger RNA (mRNA) is translated in a cap-dependent 
manner. The ribosomal subunit and initiation factors scan along the mRNAs until the 
start codon (AUG) is reached. Efficient translation also requires the mRNAs to be 
circularized which makes the interaction of the 3’-end poly(A) binding protein (PABP) 
with the initiation factor at the 5’-cap. This close-looped translation enhances the stability 
of mRNAs and increases the translation efficiency. However, the genomes of many 
positive-strand RNA viruses often lack a 5’-cap, or a poly(A) tail or both. Therefore, 
viruses evolve into many other non-standard translation mechanisms to facilitate 
translation (Kieft 2008). One of the commonly used translation mechanisms among 
viruses is the cap-dependent IRES. A number of IRES were found to be constituted of 
RNA pseudoknots (Plank and Kieft 2012, Pleij et al. 1985). For example, the Hepatitis C 
virus (HCV) IRES forms a secondary structure that contains two major hairpins and an 
essential pseudoknot structure at the basal region of the secondary hairpin. The ribosomal 
subunit is associated with the HCV IRES even in the absence of translation initiation 
factors, and the pseudoknot in IRES plays a key role during the translation (Nulf and 
Corey 2004, Spahn et al. 2001, Tsukiyama-Kohara et al. 1992).     
Pseudoknot promotes frameshifting 
One of the most common functions of pseudoknots is inducing the ribosomes to slip 
into alternative reading frames in mRNAs, which is known as ribosomal frameshift 
(Farabaugh and Björk 1999). The frameshift promoted by a pseudoknot structure and 
slipper sequence (usually UUUAAAC). Typically, the ribosomes translate mRNAs 
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without shifting the translation reading frame. However, in a number of organisms, 
mechanisms have evolved to cause site-specific or programmed +1 or -1 ribosomal 
frameshifting. In viruses, programmed -1 ribosomal frameshifting was widely used to 
coordinately express two proteins from a single mRNA at a defined ratio. A typical 
frameshift signal has two essential elements: a heptanucleotide slippery sequence X 
XXYYYZ (spaced triplets represent pre-frameshift codons) and a next RNA secondary 
structure, most often an H-type pseudoknot. These two elements when together present in 
mRNAs would force the ribosome to shift one nucleotide backwards or forwards into an 
overlapping reading frame and translate into an entirely new sequence of amino acids. 
How the pseudoknots promote ribosomal frameshifting is not fully understood. The 
current model shows the pseudoknot structure could cause the ribosome to pause, which 
is necessary but not sufficient to induce frameshifting (Somogyi et al. 1993, Ten Dam et 
al. 1990). Only when paused on the slippery sequence, a programmed frameshift would 
occur. Moreover, the slippery sequences should be decoded by the ribosome, which is 
necessary for frame shifting as well (Dos Ramos et al. 2004).  
Pseudoknot forms the catalytic site in viral genome 
Hepatitis delta virus (HDV) is a satellite virus of Hepatitis B virus (HBV). Infection 
of human by both HDV and HBV is generally more severe than HBV infection alone 
(Lai 1995). HDV has a circular genome that is replicated by the host RNA polymerase II 
through a double-rolling-circle mechanism. This mechanism produces long strands of 
RNA that must be produced into unit for virus replication and the processing of viral 
RNA is achieved by the self-cleaving HDV ribozyme that is encoded in the RNA. The 
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HDV ribozyme folds into a double pseudoknot conformation and produces 
single-genome-length HDV RNAs through self-cleaving (Kuo et al. 1988, Thill et al. 
1993).  
1.5 Studies on internal poly(A) tract 
In a typical structure of a mature eukaryotic mRNA, there is a poly(A) tail at the 3’ 
end that consists of multiple adenosine monophosphates. It is a stretch of RNAs that has 
only adenine bases. The poly(A) tail is important for the nuclear export, translation, and 
stability of messenger RNA (Belasco and Brawerman 2012). The length of the poly(A) 
tail plays an important role in those functions. It has been known that the poly(A) tail is 
shortened over time, and when it is short enough, the messenger RNA is enzymatically 
degraded (Hrit et al. 2014). In contrast, polyadenylation is the addition of a poly(A) tail 
to a primary transcript RNA. It is part of the process that produces the mature messenger 
RNAs for translation. In a few cell types, mRNAs with short poly(A) tails are stored for 
later activation by re-polyadenylation in the cytoplasm, which elongates the poly(A) tail 
to the original length to be functional (Cullinane 2014). Most positive strand viral RNAs 
possess 5’-cap and 3’-poly(A) tail structures in viral genome that mimic mRNAs 
translation. The cap and poly(A) tail recruit initiation factors that support the formation of 
a closed loop mRNA to initiate translation efficiently (Simon and Miller 2013). Such 
cap-dependent initiation translation strategies are adopted in TMV, TYMV and some 
other positive strand plant viruses.   
In contrast to the 5’-cap/3’-poly(A) tail viral genome structures, some viral genomes 
possess other compensate RNA elements that used to achieve translation initiation. HCV 
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has an uncapped, non-polyadenylated viral genome. Instead of a poly(A) tail, there is a 
poly(A) tract located in the 3’-UTR of HCV. The translation initiation of HCV is 
promoted by its internal poly(A) tract in sufficient length (Niepmann 2013). Hibiscus 
latent Singapore virus (HLSV) is a new discovered plant virus that belongs to 
Tobamovirus. HLSV is a positive-sense single stranded RNA virus with a 5’ prime cap 
and a TLS at the 3’ end of the viral genome, which is the same as other viruses in 
Tobamovirus. However, the unique feature for HLSV is that an internal poly(A) tract in 
length of 77-96 nt is located upstream of HLSV-TLS at the 3’ end (Srinivasan et al. 
2005). Also, Hibiscus latent Fort Pierce virus (HLFPV) is a another tobamovirus that 
contains an internal poly(A) tract (Allen et al. 2005, Yoshida et al. 2014). The length of 
internal poly(A) tract correlates with the translation efficiency of HLSV viral genome. It 
was found the longer poly(A) tract in HLSV would enhanced virus replication (Niu et al. 
2015).   
 
1.6 Objectives of the study 
The research gaps for the current study of RNA pseudoknot and internal poly(A) 
tract in viral genomes are summarized as below: 
Although the RNA pseudoknot has been found in most RNA viral genomes and is 
recognized as a translation enhancer during virus replication, its detailed mechanism has 
yet to be explored and understood. All studies about the RNA pseudoknot currently are 
based on structural prediction with certain algorithms. It is debatable whether this 
predicted structure is able to show the true scenario of RNA pseudoknot in viral genomes. 
 11 
 
Previous studies about RNA pseudoknots in TMV were performed by nucleotides 
deletion. None has used substitution with other RNA elements, such as internal poly(A) 
tract, to investigate the pseudoknot functions and mechanism during virus replication. 
The main aim of this study was to propose a comparative method to study the 
functions of upstream pseudoknot domain in TMV with an internal poly(A) tract. The 
results of this study provide an alternative method to analyze the pseudoknots region in 
TMV. 
1. To study the functions of UPD with an introduced poly(A) tract in TMV genome. 
2. To analyze the RNA structure of TMV-3’UTR with different length of poly(A) 
tract.  
3. Using high-throughput sequencing technology, to investigate small RNAs 
generation after TMV inoculation in plant host and compare the small RNA profiles 
between TMV and that of the UPD deletion mutant. 
4. To investigate cis-acting elements in TMV genome and study its mechanism that 




Chapter 2 General materials and methods 
 
This chapter describes the materials and methods that are common. More specific 
methods can be found in each chapter. Unless otherwise stated, all material and reagents 
were obtained from Sigma Chemicals Company (USA). 
2.1 Media and buffers 
Commonly used media and buffers recipes are shown in Appendix 1.  
2.2 Plant materials and inoculation 
2.2.1 Plant materials and growth conditions 
Nicotiana benthamiana seeds were sown in potting mix soil (Universal Potting Soil, 
Tref
®
, The Netherlands) for germination. After two leaves fully emerged, young 
seedlings were transferred into plastic germination trays. After two weeks, plants were 
transferred into individual 12-cm diameter plastic pots. When the plants reached the stage 
with expanded four- and five-leaves, they were used for mechanically inoculation. All N. 
benthamiana plants were grown at 25 
o
C in a plant growth room under LED light with a 
16 h photoperiod and 30-50 % relative humidity.  
2.2.2 Mechanical inoculation of plant virus 
Leaves of four-leaf stage plants were dusted with carborundum powder and 
inoculated with TMV and its mutants. Either in vitro transcribed RNAs or saps from 
inoculated plants can be used for inoculation. Two µg in vitro transcribed viral RNAs 
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were dissolved in GKP buffer. Viral RNAs was pipetted on the inoculated leaf surface, 
and rubbed gently onto the leaves with gloved fingers, while supporting them with the 
other hand. Inoculated leaves were rinsed with RNase-free water within 5 min. The 
inoculated plants were kept in dark overnight. Then, plants were grown at 25 ºC under 
LED light with a 16 h photoperiod and 30-50 % relative humidity. Plants were observed 
for symptom development daily.  
2.3 Molecular cloning 
2.3.1 Polymerase chain reaction (PCR) 
 PCR was set up for 25 µl volume in a 0.2 ml micro-centrifuge PCR tube as follows: 
1×Taq Enzyme buffer, 0.2 mM of each dNTP, 1 µM each of forward and reverse primers, 
1 unit of Taq polymerase and 10 ng DNA template. Amplification was performed in 
Bio-Rad PCR system under specific programs, based on Tm values of primers and 
extension time of different reactions. PCR products were examined by agarose gel 
electrophoresis.    
2.3.2 Purification of PCR fragment and DNA fragments from agarose gel 
 The PCR products were column-purified by Wizard® SV Gel and PCR Clean-up 
System according to the manufacturer's instruction. For gel purification, the PCR 
products were separated in agarose gel. Specific band was cut from gel under long 
wavelength UV light and purified using the same kit as mentioned above (Promega). 
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2.3.3 DNA ligation 
 For TA ligation, the ligation reaction was set up according to the manufacturer's 
instruction (Promega pGEM-T vector). The reaction was incubated at room temperature 
for 1 h or at 4 ºC overnight. For DNA fragments and vectors ligation, after the digested 
plasmid vectors and DNA fragments were purified, ligation reaction was set up to 10 µl 
in a 1.5 ml micro-centrifuge tube as follows: 1 × ligation buffer, molar ratio of DNA 
insert to vector was adjusted based on the relative size of the vector and inserts, 1 unit T4 





C overnight.  
2.3.4 Preparation of E. coli competent cells 
Plasmids containing TMV or its mutants in LB culture was transformed into DH5a 
cells and incubated overnight at 37 
o
C. One ml of this overnight culture was added to 100 
ml of SOB medium in a 500 ml flask. Cells were grown to an OD600 between 0.4 or 0.6. 
The culture was chilled on ice for 10 min and transferred to sterile 50 ml centrifuge 
bottles and cells were pelleted at 4000 x g for 5 min at 4 
o
C. The SOB medium was 
decanted off. The pellet was re-suspended gently in 15 ml of cold CMG buffer and a 
large fraction of the cells would remain as clumps. The cell suspension was incubated on 
ice for 15 min and pelleted at 4000 x g for 5 min at 4 
o
C. After decanting off the CMG 
buffer, the cells were gently re-suspended in 3.6 ml of cold CMG buffer and transferred 
to a 50 ml sterile centrifuge tube. The cells were fully dispersed and the cell suspension 
was incubated on ice for 5 min. High quality DMSO (126 µl) was added to the cell 
suspension, mixed well, and incubated on ice for 5 min. Additional 126 µl of DMSO was 
 15 
 
added and incubated on ice for another 5 min. The suspension was aliquoted into sterile 
micro-centrifuge tubes (50 µl) and flash-frozen using liquid nitrogen. Freshly prepared 
competent cells were stored at -80 
o
C.  
2.3.5 Transformation of bacteria with plasmid DNA by heat-shock 
Competent cells were thawed on ice. An amount of 10-100 ng DNA were added to 
thawed competent cells and mixed gently. The mixture was incubated on ice for 30 min, 
then for 42 
o
C heat shock for 90 sec and chilled on ice for 3 min. LB medium (400 µl) 
was added and then cultured the cells at 37 
o
C for 1 h without shaking. All the mixture 
was cultured onto appropriate selection plates and incubated at 37 
o
C overnight.  
2.3.6 Plasmid purification 
 Single colony was picked into 2 ml LB medium with 100 µg/ml of ampicillin. The 
medium was cultured at 37 
o
C with vigorous shaking for 16 h. Then the culture was 
transferred into a micro-centrifuge tube and centrifuged at highest speed at room 
temperature. After decanting the supernatant, the plasmids were extracted by the 
Wizard® Plus SV Minipreps DNA purification kit (Promega, USA).    
2.3.7 DNA sequencing 
 DNA sequencing reaction was carried out in 10 µl with proper amount of DNA 
template according to its size, 0.2 µmol primer, 2 µl sequencing 5 × buffer and 1 µl 
BigDye (ABI Prism Dye, USA). Sequencing was performed for 25 cycles of 96 
o
C for 10 
sec, 50 
o
C for 5 sec, 60 
o
C for 1 min; rapid thermal ramp to 16 
o
C for 10 min. The 
reaction was purified by ethanol and NaOAc precipitation. DNA sequencing was 
performed by ABI 3130 sequencer. 
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2.3.8 PCR-based mutagenesis 
  Primers were designed with specific mutated sequence for over-lapping PCR. High 
fidelity enzyme (KAPA Biosystems, USA) was used for PCR. DpnI was added and the 
products were incubated in 37 
o
C for 30 min to remove the original DNA template. The 
treated PCR products (5 µl) were transformed into E. coli competent cells by heat-shock. 
Putative colonies were picked up for plasmids extraction and further sequencing analysis.   
2.4 RNA analysis 
2.4.1 RNA extraction with TRIZOL reagents 
 Plant tissues (50-100 mg) were ground into powder with liquid Nitrogen and 
transferred into a clean tube with 1 ml TRIZOL reagent. The volume of 200 µl 
chloroform and 1 ml TRIZOL were added and the tube was shaken vigorously for 15 sec. 
The mixture was incubated at room temperature for 3 min and the samples were 
subjected to centrifugation at 12,000 x g for 15 min at 4 
o
C. The aqueous phase was 
transferred to a fresh tube. A volume of 500 µl isopropanol was added and the tube was 
incubated at room temperature for 10 min to precipitate RNA. Samples were centrifuged 
at 12,000 x g for 15 min at 4 ºC. RNA pellet was washed with 1 ml 75 % ethanol and air 
dried in room temperature. The RNA pellet was dissolved in 20 µl RNase-free water. For 
Dnase treatment, Dnase I was added and the mixture was incubated at 37 
o
C for 25 min. 
Each sample was quantified using Nanodrop and the quality of RNA was assessed 
through agarose gel electrophoresis.   
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2.4.2 Protocol for LMW RNAs separation 
(A) PEG/NaCl method 
 The total RNA pellet was dissolved in 500 µl DEPC water. Equal volume of 
PEG/NaCl precipitation solution (20% PEG-8000, 2 M NaCl) was added and the mixture 
was kept on ice for 30 min. Samples were centrifuged at 13,000 x g for 20 min. After 
transferring the supernatant to a new tube, 2.5 volume of absolute ethanol was added to 
precipitate small RNAs through incubating the samples at -20 
o
C overnight. After 
centrifuged at 13,000 x g for 30 min, RNA pellet was collected. The pellet was washed 
twice with 75% ethanol. The air dried pellet was dissolved in DEPC-treated water.  
(B) LiCl method 
 The RNA pellet obtained from the TRIZOL extraction method was re-suspended in 4 
M LiCl at a ratio of 1 ml per 1 g fresh plant material. The tube was put on ice for 1 h to 
increase the yield of LMW RNA. After centrifuged at 13,000 x g for 5 min at 4 
o
C, 
supernatant was transferred to a new tube. The RNA extraction steps could be repeated to 
increase LMW RNA yield. Equal volume of isopropanol was added for LMW RNA 
precipitation. The solution was incubated at -20 
o
C for 1 h. RNA pellet was collected by 
centrifugation at 13,000 x g for 30 min at 4 
o
C and the pellet was washed twice with 75% 
ethanol. The air dried pellet was dissolved in DEPC-treated water.  
2.4.3 Northern blot of small RNAs 
 An amount of 1-2 µg LMW RNA was mixed with equal volume of RNA gel loading 
buffer II, and the RNA was denatured at 100 
o
C for 5 min. The denatured RNAs were 
loaded on a 15 % urea polyacrylamide gel and electrophoresis at 45 mA. When 
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bromophenol blue dye migrated to the bottom of the gel, electrophoresis was stopped. 
The gel was soaked in a 1 µg/ml solution (SYBR DNA stain dye/ TBE solution) for 5 
min and the bands would be visualized using a UV transilluminator. After staining, the 
RNA was electro-transferred to nylon membrane at 200 mA for 2 h under 0.5×TBE 
buffer. The membrane was always kept moist and the RNA was UV cross-linked to 
membrane (120 mJ burst over 30 sec). Next, the membrane was prehybridizated in 10 ml 
Easy DIG hybridization buffer at 65 
o
C for 1 h. A prepared probe was added into the 
pre-warmed hybridization buffer. The membrane was incubated in hybridization buffer at 
room temperature overnight. The membrane was washed 3 times at room temperature 
with 10 ml wash solution (6×SSC, 0.2% SDS) and washed once at 42 
o
C for 10 min. 
After washing, the membrane was blocked in 1 × blocking buffer for 1 h at room 
temperature. After discarding the blocking solution, 10 ml new 1 × blocking solution 
with 2 µl anti-DIG-AP were added and the membrane was incubated at room temperature 
for 30 min with gentle shaking. The membrane was washed 3 times with 10 ml washing 
buffer for 15 min at room temperature and equilibrated 3 min in detection buffer. The 
membrane (RNA side facing up) was put inside a plastic wrap with 5 drops of 
CSRP-ready-to-use reagent and incubated for 5 min at room temperature. The blots were 
exposed to X-ray film (Lumin-Film Chemiluninecent detection film, Roche) according to 
the manufacturer's instructions.   
2.4.4 RNA native-PAGE gel electrophoresis   
Glass plates and spacers were cleaned with ethanol and assembled using the gel 
sealing tape. Acrylamide (5.7 g) and bis-acrylamide (0.3 g) was dissolved in the running 
buffer 1 × TBE (50 ml). The solution was heated to 65 
o
C in oven until all solids have 
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dissolved and the tubes were centrifuged at 6000 x g for 15 min. When the gel solution 
was cooled to room temperature, freshly-made APS (10 %) (250 µl) and TEMED (50 µl) 
were added. After gentle stirring, the solution was quickly poured into the space between 
the two glass plates. A clean, dry comb was inserted. The gel was left at room 
temperature for 1.5 h before it was placed in a 4 
o
C refrigerator overnight. The gel was 
fitted into an electrophoresis tank using bulldog clips. After filling the reservoirs with the 
running buffer 1 × TBE, the comb was removed and 25 µl loading dye was placed into 
the first well. The gel was pre-warmed by running at 250V for 30 min. Samples were 
loaded into wells using a micropipette. The gel was run at 250V for 5 h, detached from 
the glass plates and stained by submerging it into ethidium bromide solution (30 µl 
ethidium bromide with concentration 10 mg/ml was dissolved in 300 ml deionised water) 
for 30 min. After staining, the gel was scanned and visualized using the Typhoon 
TrioVariable Mode Imager.  
2.4.5 Denaturing urea PAGE gel 
Denaturing polyacrylamide gel solution was prepared using the Bio-Rad apparatus. 
Polyacrylamide gel 7.2 % 9.6 % 12 % 8 % 
10×TBE 2.5 ml 2.5 ml 2.5 ml 1.7 ml 
Urea 10.5 g 10.5 g 10.5 g 7 g 
40 % Acrylamide 4.5 ml 6 ml 7.5 ml 5 ml 
ddH2O 10.5 ml 9 ml 7.5 ml 5 ml 




A 40 % acrylamide stock was used for DNA/RNA gels. All solutions were mixed in 
50 ml beaker. After heating the solution gently in microwave (~15 sec) to dissolve urea, 
the gel mixture was filtered into sidearm flask using syringe filter (0.45 µm). TEMED 
(25 µl) and 25 % APS (50 µl) were added. The gel was poured to ~ 0.5 cm from top. A 
clean, dry comb was inserted at an angle to prevent trapping of bubbles. A 1×TBE buffer 
was used in upper and lower reservoirs. After removing the comb, the gel was 
pre-warmed through running it at 20 W for 15 min.  
An equal volume of sample buffer (100 µl formamide + 1 µl 0.5 M EDTA, pH 8.0 + 
1 µl 100×BPB) was added into RNA samples. Samples were heated for 1 min at 95 
o
C 
and chilled on ice. The wells were blow out with syringe and needle. The chilled samples 
were loaded into each well. The 10 W (~35 
o
C) was used to run the gel. When the run 
was finished, the gel was gently agitated for 10 min in 10× (5 µg/ml) EtBr in ddH2O. The 
SYBR DNA stain was used for staining. After staining, the gel was scanned and 
visualized using the Gel Imager.   
2.5 Protein analysis 
2.5.1 Plant protein extraction 
 Leaf tissue (0.1 g) was ground thoroughly in 0.1 ml protein extraction buffer (220 
mM Tris-Cl, PH=7.4, 250 mM sucrose, 50 mM KCl, 1 mM MgCl2, protease inhibitors 2 
mM PMSF, 10 mM β-mercaptoethanol, 1× complete EDTA-free protease inhibitor 
Aprotinin (Sigma, USA) was added before use. Leaves were ground on ice throughout. 
The homogenate was centrifuged at 12, 000 x g for 10 min at 4 
o
C. The supernatant was 
transferred to a new tube and stored at -20 
o
C for future use.   
 21 
 
2.5.2 Western blot 
Total protein extracts mixed with 5×SDS loading dye were denatured at 100 
o
C for 5 
min. Denatured protein samples (10 µl) were loaded into 15 % SDS-PAGE gel and run at 
120 V for 1.5 h. Proteins from SDS-PAGE gel were transferred onto nitrocellulose 
membrane (Bio-Rad) using transfer buffer. The transfer was performed under 200 mA 
constant current for 1.5 h. The transfer box was put on ice.  
 After transfer, the membrane was placed in 5 % non-fat milk under constant agitation 
for 30 min at room temperature. Anti-TMV-CP (with rabbit IgG) was added to 10 ml 
blocking buffer and the membrane was incubated at 4 
o
C overnight or 1 h at 37 
o
C. The 
membrane was washed three times with 1×PBS. Then, the membrane was incubated with 
secondary antibody (goat anti-rabbit) in 10 ml 1×PBS for 1 h at 37 
o
C. After washing 
three times with 1×PBS, nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl 
phosphate (BCIP) were added to the developing buffer for detection. The developing 
reaction was stopped until the bands became visible.   
2.6 Isolation and PEG transfection of N. benthamiana protoplasts 
2.6.1 N. benthamiana protoplasts isolation 
Day 1: 
In a sterile beaker, 0.15 g of cellulysin (Calbiochem, USA, 100,000 U) and 0.3 g of 
macerozyme (Yakult Pharmaceutical, Japan) were added to 60 ml enzyme solution (MES 
0.5 mM, KH2PO4 0.75 mM, CuSO4 0.1 µM, MgSO4 1 mM, KNO3 11.3 mM, Mannitol 
0.5 M, CaCl2 10 mM, KI 1 µM). The mixture was stirred at room temperature until all 
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contents were dissolved. PH value of the solution was adjusted to 5.8 with 0. 1 M KOH 
and filter sterilized using a 0.22-µm filter into a sterile petri dish. One g of 3-week-old N. 
benthamiana leaves was collected. Only well expanded leaves were chosen. With a sharp 
razor blade, the leaf was sliced into 1 mm
2
 squares. The slices were floated in enzyme 
solution and incubated at room temperature overnight.      
Day 2: 
The solution was filtered through gauze into a sterile 50 ml polypropylene tube. 
After centrifuged at 40 x g for 7 min at room temperature, protoplasts were collected at 
the bottom of the tube. Decanting off the supernatant, washing buffer 30 ml (HEPES 10 
mM, NaCl 0.15 M, Mannitol 0.5 M, CaCl2 10 mM) was added to the gently re-suspended 
protoplasts. The re-suspended protoplasts were centrifuged for 5 min, at 30 x g at room 
temperature. The washing step was performed twice. Then, the protoplasts were 
suspended carefully in 10 ml of washing buffer. The number of viable protoplasts was 
determined by putting 10 µl protoplasts on the microscope slide. Ten selected views of 
the protoplasts were counted on the slide from top to bottom under objective lens (40 ×). 
The average number of protoplasts in the 10 selected views was used for calculation of 
protoplasts concentration using formula:  X ÷ 17 × 2 × 105. 
2.6.2 PEG transfection viral RNA to N. benthamiana protoplasts 
Tubes containing desired number of protoplasts were centrifuged for 3 min at 30 x g 




 N. benthamiana protoplasts were used for 
each sample. Most of the supernatant was removed and desired concentration of either 
viral RNA or transcripts were added. It would be better to keep the volume small (5 to 10 
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µl; 1 to 5 µg of RNA). The protoplasts pellet was gently re-suspended in the inoculum, 
then 150 µl of 40 % PEG was added and the contents were gently agitated for 10 sec. 
Washing buffer (3 ml) was added to the side of the tube and mixed gently. Samples were 
incubated on ice for 15 min. Protoplasts were pelleted by centrifuging for 3 min at 30 x g 
at 4 
o
C. The pellet was washed once with 3 ml washing buffer and suspended in 1 ml of 
culture medium (Mannitol 0.5 M with 4.4 g MS, pH 5.8). The inoculated protoplasts 
were put into a culture plate (6-well plate) and kept under a fluorescent lamp for 24 h. 
The inoculated protoplasts were collected by centrifuging for 3 min at 30 x g at room 




Chapter 3  High-throughput sequencing of small RNAs of 
Tobacco mosaic virus chimeric mutant with its upstream 
pseudoknots domain substituted with a poly(A) tract 
Abstract:   
TMV contains an upstream pseudoknot domain (UPD) in the 3’ untranslated region 
(UTR). A TMV mutant (TMV-43A) which lacks the UPD and substituted with an 
internal poly(A) tract of 43 nt was constructed as a control for small RNA profiling of 
TMV-UPD. High throughput sequencing was used to identify small RNAs from TMV 
and TMV-43A-inoculated N. benthamiana quantitatively. From a pool of three individual 
small RNAs libraries constructed in parallel, a total of 75,019,380 and 69,692,842 reads 
were obtained from the small RNA libraries of TMV and TMV-43A-infected N. 
benthamiana leaves, respectively. Comparative profiling revealed that more novel 
miRNAs predicted from TMV-infected N. benthamiana small RNA libraries than that of 
TMV-43A. A total of 65 unique miRNAs was obtained in TMV-43A-infected groups. 
The putative target genes of those TMV-43A-infected unique miRNAs were mostly 
leucine-rich proteins related with host plant resistance and defense. For viral small RNAs, 
more read counts and distinct small RNA sequences were mapped to TMV genome than 
that of TMV-43A in both plus and minus strands. Small RNAs that mapped to 
TMV-UPD were absent in TMV-43A inoculated plants since the UPD present in TMV 
was substituted to an internal poly(A) tract. The hot spots of viral derived small RNAs in 
TMV and TMV-43A genomes were analyzed, respectively. The results showed that most 
viral small RNAs hot spots identified in TMV and TMV-43A genomes overlapped in 
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both plus and minus strands. There were 365 and 369 distinct viral small RNA sequences 
derived from the UPD in both plus and minus strands, respectively. From nucleotide bias 
analysis of novel miRNAs, TMV-43A showed a similar pattern with that of mock, but 
not with TMV. Gene ontology (GO) annotation of those novel miRNAs from mock, 
TMV and TMV-43A-infected samples showed that most frequent terms belonged to 
molecular function.   
This study represents the first comparative small RNA profiling of TMV and a UPD 
substitution mutant in N. benthamiana. It provides a new strategy for the UPD study with 
respect of small RNA profiling between two viruses with identical nucleotide sequences, 
except for the UPD region. Moreover, the viral small RNAs generation hot spots and 
their putative host target genes will provide clues to further study of TMV-UPD for virus 
infection and lethal symptom development in N. benthamiana.  
3.1 Introduction 
TMV is the first plant virus to be studied for more than a century. Plant diseases 
caused by TMV is found worldwide. TMV causes serious losses in several major 
agricultural crops including tobacco, tomato, pepper, and some ornamental plants. TMV 
causes mosaic, distortion and stunting of the infected plants and lower the quality and 
quantity of the crop, particularly when the plants are infected during early developmental 
stage.    
TMV is a positive-sense single-stranded RNA virus. It is the type member of the 
Tobamovirus family. The genomic RNA of TMV strain vulgare (U1) is 6395 nucleotides 
(nt) long and encodes at least four proteins. The 126 and 183 kDa RNA-dependent 
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replicase proteins, the 30 kDa movement proteins (MP) and the 17.6 kDa coat proteins 
(CP). The coding region is flanked by the 5’-UTR and the 3’-UTR, both of which are 
required for viral replication (Gallie et al. 1988, Zeyenko et al. 1994). The 5’-end of 
TMV RNA is capped and its 3’-UTR contains a highly structured tRNA-like structure 
(TLS) linked to an upstream pseudoknots domain (UPD). A total of five pseudoknots 
(PKs) are present in the 3’-UTR. Three of which form the UPD and two of which are 
present in the TLS (Dreher 2010, Joshi et al. 1983). Hibiscus latent Singapore virus 
(HLSV) is a new member of the Tobamovirus family (Srinivasan et al. 2002). The unique 
feature of HLSV is that it does not possess the UPD which is conserved in most 
tobamoviruses. Another similar tobamovirus that does not possess the UPD is Hibiscus 
latent Fort Pierce virus (Kamenova and Adkins 2004). In HLSV, there is an 77-96 nt 
internal poly(A) tract located downstream of CP region in viral genome instead of the 
UPD (Srinivasan et al. 2005), which is different from that of TMV. 
Small RNAs are low molecular weight RNAs with regulatory functions. The 
endogenous small RNAs, in size range from 20 - 24 nt, are ubiquitous components in 
plants (Chen 2009, Ruiz-Ferrer and Voinnet 2009). They could generate from plant 
transcriptomes, as well as response to exogenous pathogen infection or introduced 
abnormal double-stranded RNAs (dsRNAs). The small RNAs can be categorized into two 
classes based on different biogenesis processes. Hairpin sRNAs (hpRNA) are derived 
from helical RNA precursors and small interfering RNAs (siRNAs) generated from 
dsRNAs (Axtell 2013). The miRNAs are classified as hpRNA and functionally regulate 
genes expression at post-transcriptional level, which are associated with plant 
development and animal immune system (Hussain and Asgari 2014, Pérez-Quintero et al. 
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2010). When a virus infects a plant host cell, the aberrant dsRNAs produced during virus 
replication will activate the host RNA-based defense (Lu et al. 2003, Shao et al. 2008). 
By analogy with RNA interfering in animal cells, the dicer-like proteins will process 
dsRNAs into siRNAs, which subsequently combined with an RNA-induced silencing 
complex (RISC) to guide those siRNAs to their targets for degradation and gene 
expression repression (Szittya et al. 2008, Yu and Kumar 2003). However, at the early 
stage of virus replication in the host cells, the virus single-stranded RNA (ss-RNA) would 
not be the target of those first siRNAs because of the amount of replicated virus is 
relatively low. When virus accumulation level increases, the RISC will guide siRNAs to 
target viral RNAs to produce abundant secondary siRNAs for subsequent targeting. 
Finally, the virus accumulation in the host will be suppressed (Llave 2010).   
Next generation sequencing is a powerful tool to identify and quantify unique small 
RNAs from virus-infected plants. This technology has been successfully applied to 
explore microRNAs expression profiling in other plant species, such as Arabidopsis 
thaliana (Fahlgren et al. 2007), Oryza sativa (Sunkar et al. 2008), Vitis vinifera (Pantaleo 
et al. 2010) and Cucumis sativus (Huang et al. 2009). For virus-generated siRNAs 
functions, it has been proven that in N. tabacum, Cucumber mosaic virus (CMV) 
Y-satellite RNA (Y-Sat) derived siRNAs can effectively target a host gene for mRNA 
cleavage. Chlorophyll biosynthetic gene was down-regulated dramatically and resulted in 
chlorosis (Smith et al. 2011). It demonstrates that small RNAs from the virus could 
mediate viral disease symptom and regulate host genes expression through silencing 
pathway (Miozzi et al. 2013, Mitter et al. 2013). In this study, we propose that the 
amount of virus-generated small RNAs could be different between TMV- and 
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TMV-43A-infected plants, depending on their replication rates in N. benthamiana. 
Therefore, the putative host targets for those virus-derived small RNAs could be varied 
and induced different host responses to infection by TMV or TMV-43A. 
In this study, we focus on small RNA profiling from N. benthamiana after infection 
with TMV and TMV-43A at 4 dpi, respectively. Firstly, the known and novel miRNAs 
populations were compared among the mock, TMV-, and TMV-43A-infected N. 
benthamiana small RNA libraries. The unique miRNA from each library were also 
analyzed in respect of miRNA biogenesis after virus infection. The putative host target 
genes of unique miRNAs in TMV-43A-infected samples suggested their possible roles in 
plant defense. Different miRNA profiles between TMV and that of TMV-43A provided 
information on diverse symptoms induced by TMV and TMV-43A in N. benthamiana.  
In addition, virus generated small RNAs were also investigated in terms of 
population and length distribution. Small RNAs production hot spots in viral genome 
were compared between TMV and TMV-43A. Different from previous small RNA 
profiling studies of infected plants, which were using viruses that belongs to different 
genera, or viruses that have diverse viral genome compositions to infect the same plant 
host for small RNA profiling comparison. For the first time, we have provided small 
RNAs profiling using two viruses with near identical nucleotide sequences, except for the 
UPD (98 nt) and the internal poly(A) tract sequences in the 3’-UTR. This allows us to 
differentiate plant host responses to unique sequences in the viral genome, reducing the 




3.2.1 TMV-43A, a TMV mutant that UPD was substituted by an 43 nt internal 
poly(A) upstream of 3’TLS 
UPD was consisted of three RNA pseudoknots upstream the TLS in TMV genome. It 
is known to play an important role during virus replication and translation. Previous 
studies have showed that TMV-UPD deletion mutant could not replicate in N. tabacum 
protoplasts, and the serial pseudoknot deletion results showed that the last pseudoknot 
PK3, which is just upstream of TLS, plays an essential role in TMV replication and 
translation. UPD is common among tobamoviruses, and its function of enhancing viral 
RNA stability during replication and facilitating viral translation through interaction with 
RNA elements in 5’UTR are discussed. However, there are two tobamoviruses that 
lacked of UPD in their viral genomes. Hibiscus latent Singapore virus (HLSV) and 
Hibiscus latent Fort Pierce virus (HLFPV), possess an internal poly(A) tract of 77 - 96 nt 
long at the same position of UPD. 
In order to determine the relationship between the UPD and internal poly(A) tract, 
TMV-43A, a TMV mutant without the UPD but substituted with a 43 nt internal poly(A) 
tract, was constructed (Figure 3.1). First, the replication of TMV-43A was tested in N. 
benthamiana protoplasts. Five µg of in vitro transcribed viral RNAs was introduced into 
protoplasts by PEG-induced transfection. TMV-43A coat protein was detectable in the 
transfected N. benthamiana protoplasts using TMV-CP antibody. It suggests that 
translation of TMV-43A in N. benthamiana was successful. However, the band intensity 






Figure 3.1 Schematic structure of TMV-43A. The TMV upstream pseudoknots 
domain which consists of three pseudoknots (PK) was substituted to an internal 43 





















Figure 3.2 TMV-43A coat protein (CP) expression in the transfected N. benthamiana 
protoplasts at 24 hpt. Western blot result showed that TMV-43A-CP accumulation 
was less than that of TMV. It implied that virus translation was reduced after 





accumulation was lower than that of TMV, which implies that the introduced poly(A) 
tract was not functional as strong as that of UPD for virus replication and translation in 
TMV genome. 
3.2.2 TMV-43A induced mosaic symptom but not lethal symptom as TMV in N. 
benthamiana 
Five µg in vitro transcribed TMV-43A RNAs were used to inoculate 4-weeks-old N. 
benthamiana. The inoculated plants were symptom-less at 4 dpi, while TMV-inoculated 
plants developed severe necrosis in the whole plant. At 10 dpi, mild mosaic symptom was 
observed in the upper leaves of TMV-43A-inoculated plants, while TMV-inoculated 
plants were almost died due to necrosis (Figure 3.3). Over time, TMV-43A-inoculated 
plants displayed typical mosaic symptom in the whole plant, with curling, smaller leaves 
on the top of the plant (Figure 3.3). Such diseased plant could survive for the whole 
growth period with normal following and seedling. In summary, these indicate that 
TMV-43A possesses a weaker pathogenicity than that of TMV in N. benthamiana. The 
UPD might play a role in viral pathogenicity. Therefore, the substitution from UPD to 







Figure 3.3 (A) Symptoms of TMV- and TMV-43A-inoculated Nicotiana. 
benthamiana. Healthy plants were inoculated with inoculation buffer at 10 dpi as a 
control (left panel); Mosaic symptoms induced by TMV-43A in N. benthamiana at 
10 dpi (right panel); TMV-infected N. benthamiana developed necrosis at 5 dpi 
(middle panel). (B) TMV-43A-infected N. benthamiana developed mosaic symptoms 




3.2.3 TMV-43A was unable to infect Arabidopsis thaliana Shahdara systemically 
Purified TMV-43A virions were isolated from infected N. benthamiana by 
ultra-centrifugation. Using 1 μg purified TMV-43A virions to inoculate 4-week-old 
Arabidopsis thaliana Shahdara and 100 ng purified TMV virions were used as control to 
inoculate the plants. After 14 dpi, TMV-induced symptoms, including stunting and leaf 
curling, first appeared in the upper leaves. TMV-43A-infected plants were symptomless, 
as compared with the healthy plants. After 20 dpi, TMV-43A was not detected from the 
upper leaves of the infected Arabidopsis by RT-PCR. Western blot results revealed there 
was no CP expression in the TMV-43A-infected upper leaf (Figure 3.4). 
3.2.4 TMV-43A induced no symptoms in Nicotiana tabacum var. Samsun 
We used another plant Nicotiana tabacum which is a relatively close species to N. 
benthamiana to test TMV-43A infectivity. Using 2 μg in vitro transcripts of TMV-43A to 
inoculate, RT-PCR result showed that TMV-43A replicated in the inoculated leaves. 
Sequencing result confirmed that the poly(A) tract elongated during virus replication. 
However, plants remained symptomless at 21 dpi, while TMV infection induced typical 























Figure 3.4 (A) Symptoms of TMV- and TMV-43A-inoculated Arabidopsis thaliana 
Shahdara at 14 dpi. (B) Virus CP gene expression of TMV and TMV-43A in the 
inoculated Arabidopsis thaliana Shahdara at 20 dpi were detected by RT-PCR. (C) 
Western blot result of CP expression in TMV- and TMV-43A-inoculated plants at 

























Figure 3.5 Symptoms of TMV- and TMV-43A-inoculated N. tabacum at 21 dpi. 
TMV infection induced typical mosaic and distortion on the upper leaves. 




3.2.5 TMV-43A induced less local lesions than TMV in Chenopodium amaranticolor  
Chenopodium amaranticolor is a local lesion host used for the study of plant 
virology. Most plant viruses induce necrotic lesions on C. amaranticolor after mechanical 
inoculation. Ten μg of purified TMV-43A virions were used to inoculate half of the C. 
amaranticolor leaf, the other half was inoculated with 10 ng purified TMV. After 14 dpi, 
TMV induced more local lesions than TMV-43A. Using different amount of TMV-43A 
(1 μg, 10 μg and 100 μg) to inoculate C. amaranticolor, the number of local lesions 
increased with higher amount of virus, but the size of lesion was still smaller than that of 
TMV (Figure 3.6). This result indicated that the virulence of TMV-43A was much lower 
than that of TMV. It could be due to substitution of UPD with internal poly(A) tract has 






Figure 3.6 (A) Local lesions induced by different amount of TMV and TMV-43A 
inocula in Chenopodium amaranticolor. (B) Pinpoint chlorotic local lesions were 




3.2.6 High-throughput sequencing of small RNAs in upper leaves of TMV- and 
TMV-43A infected N. benthamiana  
A small RNAs deep sequencing approach was adopted as it allows analysis of 
multiple small RNA libraries to characterize the small RNAs population in N. 
benthamiana after TMV and TMV-43A infection, respectively. Upper leaves 
systematically infected with TMV developed necrosis at 5 dpi and TMV-43A only 
induced mosaic symptoms after 10 dpi. RNA was extracted from upper leaves of infected 
plants at 4 dpi. Necrotic lesions were observed in TMV-infected leaves inoculated with 1 
µg of virus per plant at 5 dpi. TMV-43A RNA was readily detected in upper leaves at 4 
dpi. Each treatment of TMV-infected, TMV-43A-infected and mock plants included three 
biological repeats. The overlap rates of small RNAs were calculated by both read counts 
and distinct sequences from nine samples (Figure 3.7). Results showed that the read count 
and unique sequences of small RNAs from the same treatment libraries were consistent. 
The TMV and TMV-43A-infected samples showed less overlapped unique sequences 
with that of mock samples. 























Figure 3.7 The read counts and unique sequences overlap rate of small RNAs among 
mock, TMV- and TMV-43A-inoculated N. benthamiana small RNA libraries. The 
small RNAs from same treatment libraries were consistent with each other. The 
TMV and TMV-43A-infected samples showed less overlapped unique sequences 




From a pool of three individual small RNAs libraries constructed in parallel, a total 
of 75,019,380 and 69,692,842 reads were obtained from the small RNA libraries of 
TMV- and TMV-43A-infected N. benthamiana leaves, respectively. A number of 
65,425,259 reads were obtained from the mock N. benthamiana small libraries. After 
trimming the 5’ adapter sequences, repeated adenine sequences and the sequences that 
were smaller than 18 nt, high quality clean reads (73,872,653 and 68,388,473) were 
obtained from TMV- and TMV-43A-infected N. benthamiana leaves small RNA libraries. 
There were also a number of 63,892,274 clean reads in the three mock plant small RNA 
libraries (Table 3.1). These high-quality reads were then used to determine the small 
RNAs length distribution.  
The small RNAs lengths varied but were similarly abundant among all samples. The 
lengths of small RNAs in the TMV- and TMV-43A-infected N. benthamiana libraries 
ranged from 15 nt to 30 nt. The most abundant small RNAs in TMV- and 
TMV-43A-infected libraries were 24 nt, also for the mock plants. The distribution of 21 
nt small RNAs was approximately 24.70% and 21.41% in TMV and TMV-43A-infected 
libraries, respectively (Figure 3.8). Overall, of the major specific small RNA lengths, the 
21 and 24 nt were similarly abundant in all mock, TMV-infected and TMV-43A-infected 








Figure 3.8 Length distribution of the small RNA libraries generated from TMV- and 
TMV-43A-infected N. benthamiana leaves and the mock plants. 
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To identify putative miRNA in the pool of small RNA reads in samples, we first 
removed other small RNA categories (rRNA, snRNA, snoRNA, tRNA) from our analysis. 
We identified those small RNA categories through Rfam (http://rfam.sanger.ac.uk) 
(Burge et al. 2012) and the annotated small RNA databases of GenBank 
(http://www.ncbi.nlm.nih.gov/genbank/) (NCBI 2014). The remaining unannotated reads 
were mapped to the updated N. benthamiana genome (version 1.0.1). A high percentage 
small RNAs were mapped to the host genome in mock (91.07%), TMV-infected (90.74%) 
and TMV-43A-infected (89.92%) libraries (Table 3.2). 
3.2.7 Identification of known miRNAs  
To identify the known N. benthamiana miRNAs, we used miREvo program (Wen et 
al. 2012) for plant miRNA identification with certain modifications. The sequences that 
excised mapped to N. benthamiana and N. tabacum miRNAs and miRNA×s deposited in 
miRBase 21.0 (2014) (Kozomara and Griffiths-Jones 2014) were identified as known 
miRNAs. Those known miRNAs were removed and the remaining small RNA sequences 
were used for further novel miRNAs prediction. The summary of known miRNAs 
sequences of each sample was shown in Table 3.3. Known miRNAs (nbe-mir156a, 
nbe-mir156b, nbe-mir157a and nbe-mir157b) in N. benthamiana were found in all mock, 
TMV- and TMV-43A-infected samples. The read counts for known miRNAs families 
were also analyzed, indicating great divergences in expression frequency. TMV-infected 
N. benthamiana small RNA libraries contained the highest reads (459) of known miRNA 
compared with that of mock and TMV-43A-infected plants. The reads of known miRNAs 








Table 3.3 Identification of known miRNAs and prediction of miRNAs candidates in 
small RNA libraries 
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3.2.8 Identification of novel miRNAs and nucleotide bias 
The prediction module of miREvo was used to identify novel miRNAs in TMV- and 
TMV-43A-infected N. benthamiana generated small RNA libraries with modifications 
for plant miRNA identification. Since there were three small RNA libraries in each 
treatment, the predicted novel miRNAs sequences from three libraries were collapsed 
together after prediction. Finally, a total of 666 and 543 unique sequences were identified 
as potential miRNA genes from TMV- and TMV-43A-infected N. benthamiana small 
RNA libraries, respectively. Since we excluded miRNAs that had high similarity with the 
miRNA in the reference plant N. tabacum, the remaining miRNAs were believed to be N. 
benthamiana specific. The miRNA names, mature sequences, star sequences, the 
corresponding read numbers, and reference miRNAs from other plants with the same 
seed and pre-miRNAs’ position on the scaffolds were presented in appendix. Furthermore, 
novel N. benthamiana miRNA* genes were identified. There were over 59% (392/666) 
miRNA* in TMV-infected samples and 57% (306/534) miRNA* in that of 
TMV-43A-infected. The hairpin structure sequences of those novel miRNA genes were 
also provided for further identification. Like the whole small RNAs sequences, calculated 
by distinct sequences numbers, 21 nt was the most abundant sequences length for all the 
mock, TMV- and TMV-43A-infected samples. The second most abundant sequence 
length was 24 nt (Figure 3.9). Longer mature sequences with up to 25-26 nt were also 




Figure 3.9 Length distribution of distinct predicted mature microRNAs sequences in 
mock, TMV- and TMV-43A-infected N. benthamiana small RNAs libraries. Most of 
the predicted mature microRNAs were in length range 21-24 nt, and the 21 nt 
microRNAs were most abundant from mock, TMV- and TMV-43A-infected small 
RNAs libraries.   
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The nucleotide bias of the novel miRNA and miRNA* sequences was investigated 
by WebLogo (Crooks et al. 2004) (Figure 3.10). The most dominant nucleotides at the 
first position in the miRNA mature sequence was U, among all mock, TMV- and 
TMV-43A-infected samples. This result was consistent with previous study that mature 
plant miRNAs preferentially have a U at the first position from the 5’-end. Except from 
the first position, there were also other positions that showed biased base conservation in 
the predicted mature miRNAs. For example, positions 2 and 3 had more G in all mock, 
TMV- and TMV-43A-infected samples. However, position 4 had more G only in 
TMV-infected sample while more A in mock and TMV-43A-infected samples. More 
interestingly, at the first position from the 3’-end, only C showed up in the predicted 
mature miRNAs sequences in mock and TMV-43A-infected samples. However, there 
were U/A present in that of TMV-infected samples.  
For the nucleotide bias of the novel miRNA* sequences, at the first position from the 
5’-end, G was preferable in miRNA* sequences in the mock and TMV-43A-infected 
samples, while U was dominant in that of TMV-infected samples. However, at the first 
position from the 3’-end, only C was present in the miRNA* sequences in all the mock, 





Figure 3.10 Position-specific nucleotide preference in predicted microRNAs of both 
guided strand (+) and star strand (-) in mock, TMV- and TMV-43A-infected N. 
benthamiana small RNAs libraries.  
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3.2.9 Hot spots for virus-derived siRNA generation in TMV and TMV-43A genomes 
The total small RNAs were aligned with the draft genome of N. benthamiana 
(Bombarely et al. 2012). In the TMV- and TMV-43A-infected N. benthamiana small 
RNA libraries, 90.74% and 89.92% small RNAs were mapped to the host plant genome, 
respectively. Only 91.07% small RNAs in the mock libraries were mapped to host 
genome sequences (Table 3.2). Small RNAs were mapped to TMV and TMV-43A 
genomes, respectively. Both TMV and TMV-43A genomes contain four open reading 
frames encoding the ~120 kDa and ~180 kDa replicase proteins, the ~30 kDa movement 
protein (MP) and the ~17.5 kDa coat protein (CP), respectively. Only the 3’ non-coding 
PKs region from 6191 to 6288 nt in TMV genome was different from TMV-43A which 
has a 43 nt internal poly(A) tract. The viral small RNAs were singled out by aligning the 
clean RNA reads to the genome of TMV and TMV-43A with 100% complementary 
setting. Then, the genome views of TMV and TMV-43A derived small RNAs were 
obtained by plotting the 18- to 25-nt viral siRNAs from the infected N. benthamiana 
libraries against the viral genome according to their polarity in both sense and antisense 
directions.  
 After mapping the viral siRNAs to TMV and TMV-43A genomes, respectively, some 
features were revealed from viral siRNAs distribution. Firstly, TMV and 
TMV-43A-derived small RNAs fully covered the viral genomes. The majority of viral 
small RNAs, both TMV and TMV-43A-derived, were mapped to the viral genome in the 
positive strand rather than the negative strand. These results showed that TMV and 
TMV-43A shared similar distribution patterns for viral siRNAs production. Secondly, the 
population of TMV-derived siRNAs was 8,618,099 (11.67% of the total small RNAs), 
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which is more than TMV-43A-generated siRNAs (5,570,078; 8.14%). Thirdly, the viral 
siRNAs generation hot spots in viral genome mostly overlapped with TMV and 
TMV-43A, the abundant region for viral siRNAs were distributed in viral 
RNA-dependent RNA polymerase (RdRp) region, from 4250-4300 nt and 2420-2460 nt 
where the two highest peaks in the positive strand (Figure 3.11).  
The length distribution of viral siRNAs in TMV and TMV-43A-infected N. 
benthamiana libraries was determined to be ranged from 20 to 25 nt (Figures 3.12 & 3.13, 
Tables 3.4 & 3.5). The read counts in the three libraries were combined. In the population 
of those viral siRNAs, TMV generated more than TMV-43A in the length of 21-25 nt, 
but much less than TMV-43A in the length of 20 nt.  
The total read counts and distinct sequences of viral siRNAs were mapped to 
TMV-UPD (Table 3.6). Viral siRNA sequences (364 and 364) were derived from the 
positive and negative strands, respectively. However, the read counts of the negative 
strand (44211) viral siRNAs were much less than that from positive strand (77458) of the 
UPD sequence. As TMV-43A lacks UPD and the corresponding sequences were replaced 
to an internal poly(A) tract, only a few small RNAs partially mapped to the 5’- and 
3’-end of the internal poly(A) tract which was located at the two junctions between the 
CP and TLS of the genome. Those viral small RNAs consisted partial CP sequences or 
TLS sequences with several additional adenines at the 5’- or 3’-end. In the positive strand 
of TMV-UPD, more viral siRNAs were mapped to TMV 6220-6240 nt. There was also a 
narrow region between the junction of UPD and TLS showed a surge in the generation of 




Figure 3.11 Viral small RNAs distribution in TMV and TMV-43A genomes. 
TMV-derived small RNAs and TMV-43A-derived small RNAs were mapped to 




Figure 3.12 Read length distributions of viral small RNAs from TMV and 
TMV-43A-infected N. benthamiana small RNA libraries, respectively.  
 
Figure 3.13 Read length distributions of distinct viral small RNAs sequences from 
TMV and TMV-43A-infected N. benthamiana small RNA libraries, respectively.  
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Table 3.5 Read length distribution of distinct viral small RNAs sequences from 









Figure 3.14 Nucleotides mapping of viral small RNAs derived from TMV-UPD and 
internal poly(A) in TMV-43A. 
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3.2.10 Predicted unique and overlapped miRNAs and viral siRNAs. 
We examined the predicted unique and overlapped miRNA and miRNA* sequences 
from mock, TMV- and TMV-43A-infected N. benthamiana small RNA libraries. There 
were 114 predicted miRNAs only found in TMV-infected samples and 65 miRNA 
sequences were specifically detected from that of TMV-43A-infected. A total of 94 
predicted miRNA sequences were overlapped in mock, TMV- and TMV-43A-infected 
samples. For the miRNA* from the star strand, there were also 118 predicted miRNA* 
sequences were overlapped among the samples. In TMV-43A-infected N. benthamiana 
small RNA libraries, a number of 65 unique mature miRNA and 114 unique miRNA* 
from star strand were found. There were also 114 unique mature miRNA were detected 
from TMV-infected samples (Figure 3.15). 
The viral small RNAs were mapped to both plus and minus strand of viral genomes, 
TMV and TMV-43A, respectively. The unique and overlapped siRNAs from TMV- and 
TMV-43A-infected small RNA libraries were analyzed. Since there was a higher 
nucleotides identity (98.75%) between TMV and TMV-43A viral genomes, a number of 
13944 siRNAs (+) and 13937 siRNAs (-) were overlapped in TMV and 
TMV-43A-infected N. benthamiana small RNA libraries, respectively. However, there 
were still a bunch of unique siRNAs sequences (positive strand: 1306; negative strand: 




Figure 3.15 Unique and overlapped predicted novel miRNAs sequences from mock, 





Figure 3.16 Unique and overlapped viral siRNAs sequences from TMV and 
TMV-43A-infected N. benthamiana small RNA libraries, respectively.  
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3.2.11 Prediction of candidate target genes of miRNAs’ and viral siRNAs’. 
Potential targets in N. benthamiana were predicted using cDNAs from the N. 
benthamiana genome v1.0.1 (http://solgenomics.net/) with the online plant small RNA 
target analysis tools in the psRNATarget server (http://plantgrn.noble.org/psRNATarget/) 
(Dai and Zhao 2011). The cDNAs were the latest update and contained more annotations 
than the version 0.4.4. In order to obtain a higher positive prediction rate, the maximum 
expectation was set between 0.0-1.5 and others were set as default. We identified 520 
potential target genes of novel miRNAs from TMV-infected small RNAs libraries, and 
220 putative target genes for that of TMV-43A-infected samples. There were also 365 
potential target genes of novel miRNAs in the mock samples. The miRNAs and their 
matched sequences, target transcript ID, expectation value, target accessibility, inhibition 
method, and annotation of potential target genes were presented in appendix.  
The putative target genes of TMV-UPD-derived siRNAs were also analyzed using 
with the online analysis tool psRNATarget under N. benthamiana genome sequence 
v1.0.1. For the putative target genes of TMV-UPD-derived siRNAs from the positive 
strand, the putative target genes with high possibility (the maximum expectation value 
less than 1.5) were ‘GTP binding elongation factor Tu family protein’; ‘Transmembrane 
protein’; ‘DUF21 domain-containing protein’ and ‘GPI mannosyltransferase 1’. For that 
of viral siRNAs from UPD negative strand, the putative target genes with high positive 
rate were grouped into three kinds: ‘Protein kinase superfamily protein’, ‘Ribonuclease P 




3.2.12 GO analysis of predicted miRNA target functions 
A total of 901 and 373 putative target transcripts of both novel miRNA and miRNA* 
from the samples of TMV- and TMV-43A-infected N. bethamiana small RNA libraries, 
respectively, were assigned GO terms based on a BLAST search under the whole GO 
terms from the Gene Ontology Consortium (http://geneontology.org) (Ashburner et al. 
2000). Each putative target transcript was assigned to three categories: molecular 
functions, cellular components or biological processes. A total of 690 putative target 
transcripts of novel miRNA and miRNA* from the mock samples were also obtained. 
The GO and the putative target transcripts of novel miRNA and miRNA* were 
predominantly categorized into molecular functions in the samples of mock (59%), TMV- 
(58%) and TMV-43A-infected (57%) N. benthamiana small RNA libraries (Figure 3.17).  





Figure 3.17 Gene ontology analysis of predicted microRNAs of both guided strand 





3.3.1 High-throughput sequencing of TMV- and TMV-43A-infected N. benthamiana 
Along with the development of high-throughput sequencing technology, more studies 
used high-throughput sequencing to obtain profiles of small RNAs in infected plants 
(Donaire et al. 2009, Li et al. 2013, Qi et al. 2009, Yan et al. 2010). By comparing the 
small RNAs profile from the infected and healthy plants, valuable information can be 
obtained about the small RNAs expression after virus infection, and those small RNAs 
functions in host defence and potential roles in host-virus interaction (Navarro et al. 
2009). In certain plant hosts, the sequence profiles of siRNAs and microRNAs after TMV 
infection had been done before, which exhibited profiles differences of small RNAs after 
TMV infection. However, we chose TMV and TMV-43A, which share high sequence 
identity, to inoculate N. benthamiana separately. This is to compare the small RNA 
profiles differences and find out unique small RNAs that are related to the mutated region 
in TMV genome. TMV-43A is a mutant which lacks the UPD and the corresponding 
sequences were substituted with an internal poly(A) tract of 43 nt. TMV-infected N. 
benthamiana developed severe necrosis 5 dpi and died within 7 dpi but 
TMV-43A-infected-N. benthamiana remained alive and exhibited mild mosaic symptom. 
Comparing with the small RNA profiles between TMV- and TMV-43A-infected plants, 
this is a new strategy to detect the UPD function during virus infection and symptom 
development. This study shows that a total of 75,019,380 and 69,692,842 reads were 
obtained from the small RNA libraries of TMV and TMV-43A-infected N. benthamiana 
leaves, respectively. For length distribution of the small RNAs, it showed that small 
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RNAs in length of 24 nt were the most abundant in the libraries of both mock and virus 
infected plants. This is consistent with previous studies (Qi, Bao and Xie 2009). It 
appears that the amount of 21 nt small RNAs in TMV-infected plants (24.70%) was 
slightly higher than that of TMV-43A-infected plants (21.41%). For the viral derived 
small RNAs, more siRNAs were mapped to TMV genome (11.67%) than that of 
TMV-43A genome (8.14%) according to the read counts. Moreover, there were also more 
distinct siRNA sequences detected from TMV-infected N. benthamiana small RNA 
libraries than that of TMV-43A-infected plants. It suggested that UPD would contribute 
to the higher amount of viral siRNAs after TMV infection in N. benthamiana, as there 
were a total of 77587 and 44408 siRNA reads that mapped to UPD region from both 
positive and negative strands, respectively.  
From our high-throughput sequencing analysis, it was the first time to show that the 
UPD region could generate viral siRNAs. We also provide a new method for the study of 
UPD related to the small RNA profiling. Since TMV could not replication when its UPD 
was deleted, it was impossible to study the host plant responses to TMV without UPD. 
TMV-43A is a TMV mutant lacks UPD but it could replicate and induce mosaic 
symptoms instead of killing the plants. High-throughput sequencing results showed a 
different small RNAs profiling between TMV-infected N. benthamiana and that of 
TMV-43A, indicating different host responses to TMV and TMV-43A. The UPD could 
be a contributing factor to such differences.  
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3.3.2 miRNA expression in N. benthamiana after infection with TMV and TMV-43A 
miRNAs regulate expression of numerous key developmental and stress-related 
genes in plants (Chen et al. 2012, Gan et al. 2008, Martin et al. 2010). New functions of 
miRNAs were discovered in several miRNA families, such as targeting genes encoding 
nucleotide binding site-leucine-rich repeat (NBS-LRR) plant innate immune receptors in 
Solanaceae (Shivaprasad et al. 2012). There has been accumulating evidence that 
miRNAs are involved in the defence mechanism in plants. For instance, transgenic 
Arabidopsis and tobacco plants display resistance against Cucumber mosaic virus (CMV), 
Turnip yellow mosaic virus (TYMV), when the artificial miRNAs with sequences 
complementary to specific viral sequences were expressed in plants (Niu et al. 2006, Qu 
et al. 2007, Tang et al. 2010, Zhang et al. 2011). Also, when the target sequence of host 
miRNAs were introduced into the viral genome, the virus infectivity was impaired and 
escaped this miRNA affection rapidly by mutation (Ai et al. 2011, Lin et al. 2009). For 
TMV-infected plants, it showed biphasic temporal changes in the miRNA profiling, 
indicating different changes in host plant response after virus infection (Bazzini et al. 
2011).  
From the known miRNAs mapping results from TMV and TMV-43A-infected N. 
benthamiana small RNA libraries, Nbe-miR156 and Nbe-miR157 were detected both in 
the mock and virus-infected N. benthamiana libraries. For the novel miRNAs prediction, 
regardless of the calculation methods by either read counts or distinct sequences, there 
were more novel predicted miRNA and miRNA* from TMV-infected N. benthamiana 
small RNA libraries than that of TMV-43A. Comparing with the small RNA libraries 
from mock plants, a bunch of unique novel miRNAs and miRNA* were detected from 
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both TMV and TMV-43A-infected samples. Those unique miRNAs could be involved in 
host defense or their biosynthesis specifically stimulated by virus infection. Most of the 
putative target genes of those unique novel miRNAs in TMV-43A-infected small RNA 
libraries were kinases and leucine-rich proteins, such as, receptor-like kinase 1 and 
protein containing basic-leucine zipper domain. The most numerous R-gene class is 
represented by the members of the gene family that code for proteins containing a 
nucleotide-binding site and leucine-rich repeats, which was closely related to the host 
plant resistance after virus infection (Campo et al. 2013). A total of 114 novel miRNAs 
and 196 miRNA* sequences were specific to TMV-infected N. benthamiana libraries. As 
TMV and TMV-43A genomes share high nucleotide sequence identity (98.75%) and the 
only difference was that the UPD was substituted by the internal poly(A) tract. The 
presence of UPD in TMV genome may contribute to those unique miRNAs in 
TMV-infected plants. 
    
3.3.3 Virus derived small RNAs possibly involved in symptoms development and 
host responses after virus infection 
As compare to TMV, less TMV-43A-derived siRNAs were detected from either read 
counts or distinct sequence numbers. Length distribution analysis showed that 21 nt 
siRNAs was present most abundantly in the viral siRNAs of both TMV and 
TMV-43A-infected plants. These siRNAs were produced by plant gene silencing system 
after virus infection. This is consistent with the finding that RNA virus-infected plants 
accumulate predominantly 21 nt viral siRNAs (Qi, Bao and Xie 2009). As DCL4 protein 
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was a primary antiviral DCL protein that generates mostly 21 nt viral siRNAs, DCL2 
protein plays a secondary role in generating 22 nt viral siRNAs (Blevins et al. 2006, 
Deleris et al. 2006). Therefore, it indicated that DCL4 protein played an important role in 
viral siRNAs generation for both TMV- and TMV-43A-infected N. benthamiana.   
For the hot spots of viral siRNAs generation in TMV and TMV-43A genomes, two 
peaks were found located in the RNA-dependent RNA polymerases (RdRp) region, from 
4250-4300 nt and 2420-2460 nt, respectively. The peak located at 2420-2460 nt of 
TMV-43A was higher than that of TMV. The maximum siRNAs produced from this 
region was siRNA_831244 which was generated from 2434-2454 nt of TMV-43A 
genome. Its read counts in three biological repeats of TMV-43A-infected N. benthamiana 
libraries were 245,378, 3,835 and 1,992, respectively. The read counts of siRNA_831244 
in TMV-infected three biological repeats were 16,148, 15,012 and 8,577. The high read 
counts 245,378 of siRNA_831244 contributes to the peak in TMV-43A that higher than 
that of TMV. To date, it is unclear why viral siRNA_831244 has a non-consistent 
expression in the three biological repeats of TMV-43A-infected N. benthamiana small 
RNA libraries. Although equal amount of plant total RNAs were used for small RNAs 
libraries construction, the quantity of viral RNAs was not identical. The different rate of 
TMV-43A replication in the three infected plants might contribute to the non-consistent 
expression of this siRNA. However, when the total read counts of viral small RNAs from 
the three biological repeats were combined for analysis, the viral siRNAs hot spots 
distribution between TMV and TMV-43A was not affected.  
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The total RNAs isolated from three biological repeats of the mock, TMV- and 
TMV-43A-infected plants, respectively, were quantified and used separately for library 
construction and sequencing to improve the reproducibility of deep sequencing data. The 
different read counts in TMV-43A-infected libraries may indicate different viral 
accumulation levels in the three different biological repeat samples. In addition, since the 
different read counts were not found in TMV-infected libraries, it suggests that different 
rates of virus replication in the host plants might affect the reproducibility of the virus 
deep sequencing results. 
The viral siRNAs derived from UPD sequences were found most abundant in the 
region of 6205-6225 nt, where most of the PK1 sequences are resided. There was also an 
upward trend from the region of 6270-6288 nt where part of the PK3 sequences are 
located. Previous results showed that TMV replication was reduced after the PK1 or PK3 
deletion (Takamatsu et al. 1990). Comparing with the same regions in TMV-43A, there 
was no siRNA generation due to an internal poly(A) tract.  
Although there were 365 and 369 distinct viral siRNA sequences from UPD in both 
positive and negative strands, respectively, those UPD-siRNAs putative target genes in N. 
benthamiana would be grouped into several kinds. This result showed that those viral 
siRNAs derived from UPD could target to certain group genes in the host plant after 
inoculation. Moreover, when the maximum expectation was set to range 0.0-1.5 for a 
higher positive prediction rate, the putative target genes of UPD-siRNAs were scaled 
down. The putative target gene of UPD-siRNA from positive strand was ‘GTP binding 
elongation factor’, that related with some plant viruses replication and translation. It was 
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reported that the minus-strand RNA transcription of Turnip yellow mosaic virus could be 
repressed strongly when eEF1A-GTP is bound (Matsuda et al. 2004). The UPD-derived 
siRNAs would target host eEF1A-GTP gene to facilitate TMV minus-strand RNA 
transcription. Moreover, the target genes of UPD-siRNA from negative strand with high 
possibility were ‘protein kinase superfamily protein’, ‘Ribonuclease P protein subunit’ 
and ‘Ethylene-responsive transcription factor’, which are related with plant development. 
As TMV-43A lacks UPD that were substituted to an internal poly(A) tract, those putative 
target genes of UPD-derived siRNAs were absent in TMV-43A-inoculated N. 
benthamiana. Those UPD-siRNA-target genes expressions would not be affected by viral 
siRNAs, resulting in mosaic symptom after TMV-43A infection. 
 
3.4 Conclusion 
Small RNA libraries of TMV- and TMV-43A-infected N. benthamiana were 
constructed for high throughput sequencing. Comparative profiling of miRNAs and viral 
siRNAs revealed the known miRNAs exhibited expression difference between mock and 
virus-infected N. benthamiana. Also, the miRNA expression was different between TMV 
and TMV-43A-infected plants that are related to the UPD substitution. In addition, virus 
derived siRNAs were mapped to TMV and TMV-43A genomes and showed a different 
distribution of siRNAs hot spots. Target prediction of the siRNAs was analysed and Gene 
Ontology annotation revealed a number of viral siRNAs may target host ‘heat shock 
protein-like protein’ gene. These findings provide valuable information for further 
characterization of miRNAs and siRNAs in virus infected plants. These results also 
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provide a list of candidate genes for the study of potential defense-related host genes 
targeted by miRNAs and viral siRNAs. 
 
3.5 Methods and materials 
Plant materials and virus inoculation  
N. benthamiana seedlings were grown in a commercial potting mix (Tref®, The 
Netherlands) in a growth room with 16 h light and 8 h dark at 24 
o
C. Four-week-old 
plants, typically with 5-6 fully expanded leaves were used for virus infection. A total of 9 
plants were divided into 3 groups. Each group consisted of 3 plants which represent three 
biological repeats. Briefly, two expanded leaves per plant were mechanically inoculated 
with 1 μg of purified TMV-U1 virus or TMV-43A virus from plants inoculated with in 
vitro transcripts which generated by mMESSAGE mMACHINE® T7 ULTRA 
Transcription Kit (Ambion, USA) following the manufacturer’s instructions. A group of 
3 control plants were mock-inoculated with the inoculation buffer (10 mM sodium 
phosphate buffer, pH 7.5) following the same procedures.   
Construction of small RNA library and high-throughput sequencing 
Upper leaves from the infected plants and mock group were collected at 4 dpi for 
RNA extraction. Total RNAs was treated with DNase I, ethanol precipitated and sent to 
Beijing Genomic Institute (BGI, Hong Kong, China). A total of 9 small RNAs libraries 
were constructed from TMV- and TMV-43A-infected and mock N. benthamiana plants 
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for deep sequencing using the Illumina’s HiSeqTM technology and generated with at least 
10 million clean reads per sample.  
 
 
Analysis of sequencing data 
The raw sequences were processed as described by Sunkar et al. After filtering out 
low-quality reads, trimming adapters and contaminants formed by adapters, and removing 
reads less than 18 nt. The clean reads were compared with the entire N. benthamiana and 
N. tabacum sRNA from Rfam database (http://rfam.sanger.ac.uk, Release 12.0) and 
GenBank (http://www.genbank.com). All the reads that mapped to the sRNA entries from 
these two databases were removed. The remaining reads from each library were used to 
identify known miRNAs by alignment to known N. benthamiana and N. tabacum miRNA 
sequences that obtained from miRBase (http://www.mirbase.org/) (release 21.0, June 
2014). The perfectly matched sequences were considered to be known miRNAs. Novel 
miRNA and miRNA* prediction was performed using miREvo program under the 
parameters suitable for plant miRNAs prediction. The N. tabacum mature miRNAs and 
precursors of miRNAs were obtained from miRBase and used as the first reference.   
The clean reads were mapped to the N. benthamiana genome on the Sol Genomic 
Network (http://solgenomics.net/organism/Nicotiana_benthamiana/genome) (Bombarely 
et al. 2012) and viral genomes, respectively. The small RNA sequences that perfectly 
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mapped to TMV, TMV-43A viral genomes in either positive or negative strand were 
recognized as virus derived small RNAs.  
Prediction of potential target genes for TMV- and TMV-43A miRNAs and viral 
derived small RNAs 
The putative targets of novel miRNAs were predicted using psRNATarget 
(http://plantgrn.noble.org/psRNATarget/) online server under the latest annotated N. 
benthamiana transcripts (version 1.0.1). The maximum expectation was set from  
0.0-1.5 range to obtain a higher positive prediction rate, others were set as default. The 
putative target GO terms were aligned to the whole GO terms from Gene Ontology 
Consortium and classified into three categories: biological process, molecular function 
and cellular component. For viral siRNAs putative target prediction, the psRNATarget 
online server was used and parameters were set as default.  
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Chapter 4  SHAPE analysis of TMV mutants with poly(A) 
tract of different lengths demonstrates structural variations in 
3’UTR altering replication and symptoms 
Abstract:  
The upstream pseudoknots domain (UPD) of TMV is located at the 3′ untranslated 
region (UTR) of TMV genome and it plays an important role in virus replication and 
translation. To determine the importance of UPD and 3′-UTR, and the effects of 
introduced RNA elements in TMV 3′-UTR, a series of TMV mutants with internal 
poly(A) tract upstream of UPD was constructed for structural analysis by selective 
2'-hydroxyl acylation analyzed by primer extension (SHAPE). TMV(24A+UPD) formed 
a similar structure as that of TMV 3′-UTR, but TMV(42A+UPD) and TMV(62A+UPD) 
structures were altered by the introduced longer poly(A) tract. In addition, 
TMV(24A+UPD) replication was faster than TMV in N. benthamiana protoplasts and it 
killed the plants as rapidly as TMV. TMV(62A+UPD) showed a drastically reduced 
replication and the coat protein was undetectable in protoplasts and the inoculated plants 
remained symptomless. Our study analysed the structures of 3′-UTR of TMV and found 
that the longer poly(A) tract introduced to upstream of UPD reduced virus replication and 
induced milder symptoms in N. benthamiana plants. In conclusion, different lengths of 
the internal poly(A) tract introduced into TMV genome leads to different structural 




Polyadenylation of messenger RNAs is known to function in regulating RNA 
stability and translation. The importance of a poly(A) tail to viral infectivity has been 
reported in some viruses and the poly(A) length could also affect virus replication (Chen 
et al. 2013, Kühn et al. 2009, Yumak et al. 2010). Sufficient length of a poly(A) tail in 
Bamboo mosaic virus interacts with secondary structural elements upstream to form a 
pseudoknot structure and disruption of this interaction reduces virus accumulation
 
(Chen 
et al. 2005, Tsai et al. 1999). Different from the poly(A) tail, several plant viral RNAs 
possess an internal poly(A) sequence at the 3’ termini of their genomes (Bradrick et al. 
2006). The length of the internal poly(A) tract varies in different viruses. So far, internal 
poly(A) tracts are found in Bromoviruses, Hordeiviruses, and Tymoviruses (Dreher 1999). 
Dulcamara mottle virus possesses an internal poly(A) tract in the 3’ UTR which lacks a 
3’-terminal tRNA-like sequence (TLS). This is different from that of other Tymoviruses 
(Tzanetakis et al. 2009).  
Recently, two tobamoviruses isolated from Hibiscus spp. were reported to contain an 
internal poly(A) tract upstream of 3′-TLS. They are Hibiscus latent Singapore virus 
(HLSV) and Hibiscus latent Fort Pierce virus (HLFPV) (Srinivasan, Min, Ryu, Adkins 
and Wong 2005, Yoshida, Kitazawa, Komatsu, Neriya, Ishikawa, Fujita, Hashimoto, 
Maejima, Yamaji and Namba 2014). The length of HLSV internal poly(A) tract ranges 
from 77 to 96 nt (Srinivasan et al. 2005). It is unable to replicate when the length of its 
internal poly(A) tract less than 24 nt. Therefore, the 24 nt internal poly(A) tract is the 
minimal length for HLSV replication in N. benthamiana. Moreover, HLSV is unable to 
replicate after the internal poly(A) tract is substituted by the TMV UPD sequences, 
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indicating that the internal poly(A) tract cannot be replaced (Niu, Cao, Huang, Tan and 
Wong 2015). This is different from previous studies that the UPD can functionally 
substitute for a poly(A) tail in plant and animal cells (Gallie and Walbot 1990).  
In general, the 3'-UTR is considered as a modular element that largely provides 
self-contained functions. The TLS mimics the tRNA structure, and it enhances virus 
translation and promotes minus-strand synthesis (Dreher and Hall 1988, Guo et al. 2000). 
In vitro competition experiment reveals that the TMV-TLS has the highest binding 
affinity for RNA polymerase (Osman et al. 2000). Deletion study of UPD showed the 
pseudoknot that is closest to the TLS was essential for TMV replication (Takamatsu, 
Watanabe, Meshi and Okada 1990). It was known that the pseudoknot structure, not 
sequences in UPD plays an important role for virus replication. However, it is still 
unclear as to what will be the effect of the structural changes in TMV pseudoknots region, 
while keeping the nucleotide sequences unchanged. An internal poly(A) tract is a simple 
RNA element in HLSV genome that its length would affect virus replication. In this study, 
a series of TMV mutants that possess different lengths of internal poly(A) tract were 
constructed. The internal poly(A) tract was located upstream of UPD in TMV genome. 
Results showed that TMV(24A+UPD) possessed the highest infectivity and induced 
lethal symptoms. The viral RNAs accumulation of TMV(24A+UPD) was higher than that 
of TMV in N. benthamiana. TMV(42A+UPD) induced necrosis in the inoculated leaves 
and systemic movement to the upper leaves was slower than that of TMV(24A+UPD). 
The viral RNAs of TMV (62A+UPD) could not be detected in N. benthamiana 
protoplasts and the infected plants were symptom-less after inoculation. The RNA 
structures of the mutated TMV fragments were subjected to selective 2'-hydroxyl 
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acylation analyzed by primer extension (SHAPE) analysis. The introduced internal 
poly(A) tract in different lengths changed the 3' UTR structure and the longer the internal 
poly(A) tract was introduced to upstream of UPD in TMV genome, the slower virus 
replication and reduced infectivity. 
 
4.2 Results 
4.2.1 TMV(24A+UPD) replicated in N. benthamiana and induced necrosis  
TMV(24A+UPD) contains an internal poly(A) tract of 24 nt which was introduced 
upstream of TMV UPD at the 3’ UTR (Figure 4.1). It could replicate in N. benthamiana 
protoplasts and accumulation of CP was higher than that of TMV in transfected 
protoplasts (Figure 4.2). Plants (N. benthamiana) inoculated with in vitro transcripts of 
TMV(24A+UPD) showed water-soaked lesions on the inoculated leaves and developed 
severe necrosis (Figures 4.3 & 4.4); The stem necrosis showed on 
TMV(24A+UPD)-inoculated plant leaves appeared earlier (4 dpi) than that of 
TMV-infected plants (6 dpi), resulting in a more rapid plant death. It revealed that when 
the 24 nt internal poly(A) tract and UPD were present together in TMV genome, it 




Figure 4.1 Schematic structure of TMV and its mutants with different lengths of 
internal poly(A) tract (24A. 42A and 62A) introduced before the upstream 
pseudoknotted domain (UPD).  The genome of TMV contains a 5’ cap and a 3’ 
tRNA-like structure (TLS) with open reading frames of RNA-dependent RNA 





Figure 4.2  (A) Viral RNAs accumulation of TMV and its mutants were determined 
by qRT-PCR in transfected N. benthamiana protoplasts at 24, 48 and 72 hpi, 
respectively. RNA accumulation level (B) and coat protein expression (C) of TMV 
and its mutants as determined by qRT-PCR in transfected N. benthamiana 
protoplasts at 24, 48 and 72 hpi, respectively. The CP gene accumulation of 

























Figure 4.3 Close-up of TMV and its mutants inoculated leaves at 5 dpi. Upper and 
lower rows represent the adaxial and abaxial of the same leaves, respectively. 
TMV(24A+UPD)-inoculated leaf showed and water-soaked lesions and more 
extensive necrotic patches than TMV, TMV (42A+UPD). TMV (62A+UPD) and 
























Figure 4.4  (A) Symptoms of N. benthamiana infected with TMV and its mutants at 
7 and 14 dpi, respectively. (B) Side view of the infected plants inoculated with 
TMV(24A+UPD) and TMV(42A+UPD) at 7 dpi. (C) Close-up of 
TMV(42A+UPD)-inoculated plants at 7 dpi, showing necrotic lesions on the 
inoculated leaf, symptomless on the upper leaf and necrosis on stem and petiole. 
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4.2.2 TMV(42A+UPD) systemic infection in N. benthamiana was slower than that of 
TMV(24A+UPD) 
In HLSV, it has been shown that longer internal poly(A) tract enhances viral 
infectivity
24
, therefore, we assume that the same effect would also occur in TMV genome. 
Two mutant viruses TMV(42A+UPD) and TMV(62A+UPD) were constructed with an 
introduced poly(A) tract that are longer than 24 nt (Figure 4.1). On the contrary, longer 
poly(A) tract in TMV genome did not enhance viral infectivity. The viral RNAs 
accumulation of TMV(42A+UPD) and TMV(62A+UPD) were much lower than that of 
TMV(24A+UPD) in the transfected N. benthamiana protoplasts. Moreover, the CP of 
TMV(42A+UPD) could be detected after 48 hpt in transfected protoplasts and the 
expression level was lower than that of TMV(24A+UPD). Different from the lethal 
symptoms of TMV(24A+UPD) infection in N. benthamiana, the TMV(42A+UPD) 
infected plants developed necrotic lesions on the inoculated leaves of N. benthamiana at 5 
dpi, while the upper leaves were symptomless (Figures 4.3 & 4.4). At 7 dpi, severe 
necrosis appeared on stem and petioles of the infected plants, but the upper leaves 
remained symptomless (Figure 4.4C).  
TMV(24A+UPD) infection caused lethal symptoms with a higher accumulation of 
viral RNAs in the upper leaves. However, after introducing a longer poly(A) tract, the 
accumulation of viral RNAs was significantly decreased in the upper leaves of 
TMV(42A+UPD)-infected plants. In order to test whether TMV(42A+UPD) systemic 
movement was inhibited by longer 42nt poly(A) tract. Viral RNAs accumulation in both 
inoculated and upper leaves from TMV(24A+UPD) and TMV(42A+UPD) inoculated 
plants were compared, respectively. As TMV(24A+UPD) replicated faster than 
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TMV(42A+UPD) in protoplasts, two different amounts of viral RNA transcripts (250 ng 
and 2.5 µg, respectively) were used for comparison. 
Under the same conditions, either 250 ng or 2.5 µg inoculum, viral RNAs 
accumulation of TMV(42A+UPD) in the upper leaves was lower than that of 
TMV(24A+UPD). The viral RNAs accumulation of TMV(42A+UPD) in the upper leaves 
increased with 2.5 µg inoculum, as compared to that of 250 ng. Despite using ten times 
higher amount of TMV(42A+UPD) inoculum, viral RNAs accumulation in the upper 
leaves was still significantly lower than TMV(24A+UPD) with 250 ng inoculum (Figure 
4.5). In addition, comparing the symptoms induced in N. benthamiana plants at 7 dpi, the 
side view of TMV(24A+UPD) infected plants (Figure 4.4B) clearly showed the whole 
plant collapse, resulted from severe tissue necrosis. However, TMV(42A+UPD) 
inoculated plants survived and without symptoms in the upper plants. No stem necrosis 




Figure 4.5 RNA accumulation of TMV(24A+UPD) and TMV(42A+UPD) in the 
inoculated and upper leaves, as determined by qRT-PCR at 6 dpi, respectively. 
Relative fold change to actin gene expression in plants. 
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4.2.3 TMV(62A+UPD) was unable to accumulate in N. benthamiana 
TMV(62A+UPD)-inoculated plants were symptomless at 7 dpi (Figures 4.3 & 4.4A). 
Virus accumulation of TMV(62A+UPD) in N. benthamiana protoplasts at 24, 48 and 72 
hpt was monitored. The qRT-PCR results showed that TMV(62A+UPD) genomic RNA 
was not accumulated, as compared to that of TMV and the two mutants (Figure 4.2A). 
The CP gene expression of TMV(62A+UPD) declined noticeably in the transfected 
protoplasts over time (Figure 4.2B). There was no CP detected in transfected protoplasts 
after 72 hpt (Figure 4.2C). These results indicated that TMV(62A+UPD) CP translation 
could be interrupted by the introduced 62 nt internal poly(A) tract. 
4.2.4 SHAPE-probed secondary structure analyses of RNA fragments of 
TMV-3'UTR and its mutants 
Since there is no internal poly(A) tract present in the TMV genome, we propose that 
the introduced internal poly(A) tract in the TMV mutants would remodel the RNA 
structure of the 3'UTR. The structures of the TMV 3'UTR fragment and its mutants were 
analyzed by the SHAPE probing method (Figure 4.6). For TMV, the sequence was taken 
from 6178 to 6195 nt of the full-length viral genome which contains the last 11 nt of 
TMV-CP gene including stop codon UGA, and TMV-3’UTR nucleotides. For the 
mutants, the sequences consisted of the same region of TMV-CP gene but inserted with 
an internal poly(A) tract of 24 nt, 42 nt and 62 nt, respectively. The primer used for 
reverse transcription was targeted at the 3’ end of TMV genome from 6376 to 6395 nt. 
TMV-UPD consisted of three consecutive pseudoknots that are important for RNA 























Figure 4.6 Schematic sequences used for SHAPE-probed structural analyses. TMV 
sequence starts from 6178 nt to the 3’ end, consisting of 11 nucleotides and UGA 
stop codon of TMV-CP gene, UPD and TLS. The mutants were added with 24 nt, 42 
nt and 62 nt internal poly(A) tract, respectively, downstream of the CP gene UGA 




PK3 were labeled separately in order to better compare the structural differences among 
TMV and its mutants. Also, the effects of introduced poly(A) tract in different lengths to 
RNA conformation were analyzed.          
There were 7 domains present in the secondary structure of TMV 3'UTR fragment. 
Each domain of 2, 4 and 7 consisted of a hairpin structure. Domains 3 and 5 consisted of 
a longer stem-loop that contained a terminal loop and two internal loops. Domains 1 and 
6 each consisted of a stem-loop structure with one terminal and one internal loop (Figure 
4.7). There was also a four-nucleotides duplex consisting of GU/AC base pairing. 
Because of this duplex, a six-way RNA junction was formed by domains 1 to 6, which 
provided a stable hub for different double-stranded helical arms to join together.   
The TMV(24A+UPD) fragment showed 7 domains and the four-nucleotides duplex 
present in the structure. Comparing with that of TMV, the terminal loop in domain 1 of 
TMV(24A+UPD) became larger because of the introduced 24 nt internal poly(A) tract. 
Also, there was a bulge located between two stem-loops in domain 5. The domain 2 that 
made up of PK1 sequences was disrupted and a new stem-loop was formed from PK1 and 
partial upstream sequences. In domain 3, the basal internal loop was altered due to a 
structural change in domain 2. However, the two paired stem-loops consisted of PK2 and 
PK3 located in domains 3 and 4 were identical to that of TMV. The four-nucleotides 
duplex GU/AC also existed in the structure of TMV(24A+UPD) fragment, resulting in a 




Figure 4.7 SHAPE analysis of 3'-terminal structure of TMV. Seven structural 
domains were present. The nucleotides that consisted of three pseudoknots were 




Figure 4.8 SHAPE analysis of 3'-terminal structure of TMV(24A+UPD). Sever 
structural domains were present as that of TMV. The introduced 24 nt poly(A) tract 




Structures of TMV(42A+UPD) (Figure 4.9) and TMV(62A+UPD) (Figure 4.10) 
were different from that of TMV and TMV(24A+UPD). The introduced internal poly(A) 
tract formed a larger hairpin loop upstream of UPD and TLS sequences. The RNA 
structure downstream of UPD were different. A new stem was formed at the 5'-terminus 
sequence (GUCCUGC) by base paring in TMV(42A+UPD). This stem also existed in the 
structure of TMV(62A+UPD) fragment. Moreover, a larger internal loop was formed in 
TMV(62A+UPD) due to the introduced 62 nt poly(A) tract, and the stem formed from 
PK1 sequence became three base pair longer than that in TMV(42A+UPD).  However, 
the two stem-loops that formed with PK2 and PK3 sequences were identical to that in 
TMV, TMV(24A+UPD) and TMV(42A+UPD).  
For comparison, the structures were arranged in a linear pattern to show the 
differences among the TMV and its mutants fragments with different lengths of 
introduced internal poly(A) tracts (Figure 4.11). Comparing the four structures, the two 
paired stem-loops consisted of PK2 and PK3 were identical in TMV and its mutants, 
which indicate that the stability of PK2 and PK3 was not greatly affected by the 
introduced internal poly(A) tract of different lengths. On the contrary, the stem-loop 
formed by PK1 was disrupted in TMV(24A+UPD) but remained intact in 
TMV(42A+UPD) and TMV(62A+UPD). If we neglect the large internal loops 
contributed by the internal poly(A) tract in the TMV mutants, the most significant 
alteration in TMV(42A+UPD) and TMV(62A+UPD) was the structure of TLS. The TLS 
was proven to be important for TMV replication (Osman and Buck 2003). Its structural 
variations in TMV(42A+UPD) and TMV(62A+UPD) could alter virus replication and 




Figure 4.9 SHAPE analysis of 3'-terminal structure of TMV(42A+UPD). An internal 
loop was formed with the 42 nt internal poly(A) tract. The 3’-termianl structure of 




Figure 4.10 SHAPE analysis of 3'-terminal structure of TMV(62A+UPD). An 
internal loop was formed with the 62 nt internal poly(A) tract. The 3’-termianl 
















Figure 4.11 SHAPE analysis of 3'-terminal structure of TMV and its mutants. The 






TMV and TMV(24A+UPD). However, in TMV(42A+UPD) and TMV(62A+UPD), such 
base paring was disrupted due to longer internal poly(A) tracts forming larger loops. Also, 
the six-way RNA junction present in TMV and TMV(24A+UPD) did not form. The 
introduced internal poly(A) tract in length of 42 nt and 62 nt altered the 3’-UTR 
structures. 
The predicted 3-D models of the TMV and its mutants fragments showed that the 
loop formed by the introduced internal poly(A) tract slightly altered the RNA 
conformation as the length increased from 24 nt to 42 nt and 62 nt, respectively (Figure 
4.12). Stereo view showed that the 24 nt internal poly(A) tract did not block the UPD and 
the TLS. However, the longer internal poly(A) tract in TMV(42A+UPD) and 





Figure 4.12 Predicted 3-D models of TMV and its mutants 3'-terminal structures 
basing on the SHAPE results. The dot-bracket files generated from RNAstructure 
were put into online RNAComposer (http://rnacomposer.ibch.poznan.pl/Home) for 




Attempts have been made to predict the secondary structure of TMV 3'UTR using a 
variety of chemical and enzymatic tools (Rietveld et al. 1984, van Belkum, Abrahams, 
Pleij and Bosch 1985). Nevertheless, a greater degree of accuracy is achieved when these 
methods are complemented with structure probing experimentation. SHAPE combines a 
novel chemical probing technology with reverse transcription, capillary electrophoresis, 
and secondary structure prediction software to determine the structure of RNAs from 
several hundred to several thousand nucleotides at single-nucleotide resolution rapidly. It 
is particularly useful in predicting RNA secondary and tertiary interactions (Deigan et al. 
2009, Kenyon et al. 2011, Merino et al. 2005, Spitale et al. 2013). We applied 
high-throughput SHAPE approach to gain insight into TMV 3'UTR conformation. This 
methodology employs an electrophilic reagent that reacts selectively with the 2'-hydroxyl 
ribose group of single-stranded nucleotides to create a covalent 2'-O-ribose adduct, while 
the 2'-hydroxyl group of structurally constrained residues shows reduced nucleophilic 
reactivity. In contrast to conventional chemical and enzymatic probing techniques, 
SHAPE provides structural information at every nucleotide position (Sztuba-Solinska and 
Le Grice 2014).  
In this study, a series of mutants demonstrated the importance of secondary structures 
within the 3' UTR of TMV genome. After introducing a 24 nt internal poly(A) tract 
upstream of UPD in TMV genome, we found that virus killed the plants more rapidly 
than that of TMV, indicating that an introduced internal poly(A) tract has enhanced its 
virulence. However, after increasing the introduced internal poly(A) length to 62 nt, there 
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was no symptom observed on TMV(62A+UPD)-inoculated plants. A diminishing viral 
RNAs accumulation in the transfected N. benthamiana protoplasts over time was noted 
(Figure 4.5). These results showed that the length of introduced internal poly(A) tract 
affected viral RNA accumulation and symptom expression. The SHAPE analysis 
confirmed that such effects correlated to RNA structural variations in the 3’ UTR.      
The effects of poly(A) tail length on viral replication have been reported in 
Coronavirus (Shien et al. 2014, Wu et al. 2013). Its 3’ poly(A) tail length of genomic and 
subgenomic mRNAs were extended during infection. Moreover, functional analyses 
revealed that CP accumulation of Coronavirus with longer poly(A) tail was enhanced. 
This result is contrary to our results that the mutant viruses with a longer internal poly(A) 
tract showed reduced replication in N. benthamiana protoplasts and less virulence in the 
whole plants (Figure 4.2A). The difference between a poly(A) tail and an internal poly(A) 
tract lies in its relative position in the viral genome. In the mutants, there is UPD and TLS 
downstream of the internal poly(A) tract. The TMV-TLS has been known to function as a 
3’-translational enhancer, which plays a similar role of stabilizing the viral RNA genome. 
The longer the poly(A) tail, the more stable the virus. However, the internal poly(A) tract 
is located upstream of UPD+TLS, not at the end of its genome. The structure formed by 
the internal poly(A) tract could affect normal functions of UPD+TLS. When longer 
internal poly(A) tract was introduced into TMV genome, mutant virus accumulation 
reduced (Figure 4.5). 
TMV(24A+UPD) replicated more rapidly than TMV in N. benthamiana. Along with the 
increased length of internal poly(A) tract of 24 nt, 42 nt and 62 nt, respectively, the 
mutants became attenuated and symptoms varied from complete plant death, localized 
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necrosis to symptomless, respectively. The TMV(42A+UPD) induced necrosis only in 
the inoculated leaves and petioles, but no symptoms were observed in the upper leaves. 
Additionally, in the crude sap of TMV(42A+UPD)-infected leaves, virus particles could 
be observed as flexuous, rod-shaped structures after negative staining, indicating that the 
virus could assemble with an 42 nt internal poly(A) tract (Figure 4.13). TMV(62A+UPD) 
was able to replicate but no CP was detected (Figure 4.5A). 
According to the SHAPE analysis, TMV(42A+UPD) and TMV(62A+UPD) 
3'-terminal structure were distinct from that of TMV and TMV(24A+UPD). 
TMV(62A+UPD) showed a reduced viral RNAs expression and its CP was undetectable 
in the transfected N. benthamiana protoplasts. The undetectable CP suggests that 
translation of viral proteins may be inhibited. Since there was no CP expression, 
encapsulation was not possible, resulting in TMV(62A+UPD) viral RNAs degraded in 
the host system. Structural analysis of TMV(62A+UPD) showed that the conformation of 
the original TMV TLS was disrupted. As TLS is important for TMV replication by 
enhancing viral RNAs stability during translation, the disrupted TLS in TMV(62A+UPD) 





Figure 4.13 Transmission electron microscope (TEM) image of TMV(42A+UPD) in 
the crude sap of infected N. benthamiana leaves at 5 dpi.  
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However, the structure of TMV(42A+UPD) TLS region was also different from that 
of TMV. TMV(42A+UPD) can replicate in the protoplasts. Therefore, the larger hairpin 
loop mainly consisted of 62 nt poly(A) tract may contribute to the lack of CP and 
symptom expression. Most of the cis-acting RNA elements in RNA viruses are local 
sequences or confined secondary or tertiary structures (Guo et al. 2001, Miller and White 
2006, Waigmann et al. 2004). The 5' and 3'-termini of TMV UTR interact with each other 
to form a close loop that initiate virus translation. This long-range intergenomic 
RNA-RNA interaction plays a key role during TMV infection and spread in the host 
plants. There is increasing evidence that long-range RNA base paring can also have 
essential functions, such as executing and modulating different viral processes (Hu et al. 
2007, Nicholson and White 2014, Shetty et al. 2012, You et al. 2001). Therefore, the 
large hairpin loop in TMV(62A+UPD) may block the region of interaction, or cover up 
several complementary nucleotides to the 5'-terminus sequences, which prevents the 
long-range RNA-RNA interaction. 
Since the large hairpin loop was located upstream of the pseudoknot domain, 
interaction between the UPD and host eEF1A may also be affected by the structural 
alteration. From the predicted 3-D models based on the SHAPE-probed secondary 
structures information, the large hairpin loop seems to be able to block the PK3 sequence 
in TMV(62A+UPD) (Figure 4.12). The 3'-terminal structure of TMV(24A+UPD) was 
similar to that of TMV. The introduced 24A did not alter the entire RNA secondary 
structure. We found that TMV(24A+UPD)-inoculated plants were more readily killed 
than that of TMV which could be due to higher replication and CP expression of 
TMV(24A+UPD) in transfected N. benthamiana protoplasts. 
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In conclusion, this study dissects the 3' UTR structure of TMV with an introduced 
internal poly(A) tract through SHAPE method. It reveals that the longer the introduced 
poly(A) tract, the lower pathogenicity of the mutants. This is correlated with the 
structural alterations. The SHAPE approach was first applied to TMV 3’ UTR structural 
analysis and the length effect of introduced internal poly(A) tract to virus accumulation. 
Our results provide better understanding of the functions of UPD/TLS in relation to RNA 
structures in TMV. In addition, the new knowledge of the effects of different internal 
poly(A) tract length to virus accumulation has potential application to engineer TMV and 
its mutants into high-efficiency expression vector.  
 
4.6 Methods and materials 
Plasmids construction 
Using TMV full-length cDNA clone as template, primers 24AUPD-F and 
24AUPD-R were designed to introduce 24 nt internal poly(A) tract upstream of its UPD. 
High fidelity enzyme (KAPA Biosystems, USA) was used for over-lapping PCR. DpnI 
was added into the PCR products and incubated at 37 ºC for 30 min to remove the 
original DNA template. The treated PCR products (5 µl) were transformed into E. coli 
DH5α competent cells by heat-shock treatment. Colonies were screened by sequencing 
the transformed plasmids on Ampicillin-LB medium to confirm the introduced internal 
poly(A) length. Same approach was used to construct TMV(42A+UPD) and 




In vitro transcription 
TMV full-length cDNA clone and the mutants were linearized with KpnI, 
respectively. After phenol/chloroform extraction and ethanol precipitation, the purified 
DNAs were used as template for in vitro transcription by mMessage mMachine in vitro 
transcription kit (Life Technologies, Ambion). RNA transcripts were precipitated by LiCl, 
following the manual instructions and dissolved in RNase-free water. 
Plant inoculation and qRT-PCR 
Fully expanded leaves of 4-week-old N. benthamiana were mechanically inoculated 
with 2 µg in vitro transcribed viral RNA in GKP buffer (50 mM glycine; 30 mM 
K2HPO4, pH 9.2; 1% bentonite; 1% celite). Total RNAs were extracted from the 
inoculated and upper leaves by TRIzol reagent. Real-time PCR was performed using the 
KAPA SYBR Fast qPCR kit on a CFX384 Real-Time PCR system (Bio-Rad). The N. 
benthamiana actin gene was used as an internal control. Primers qPCR-F and qPCR-R 
were utilized for target fragment amplification and primer Actin-F and Actin-R were used 
to amplify the actin gene. 
Protoplast transfection, total RNA isolation and Western blot 
Nicotiana benthamiana protoplasts were isolated and transfected with in vitro 
transcripts of TMV and its mutants by polyethylene glycol transfection. Total RNA were 
extracted from transfected protoplasts at 24h, 48h and 72 h, respectively with TRIzol 
reagent, followed by cDNA synthesis with primer R by SuperScript III Reverse 
Transcriptase kit (Invitrogen). TMV-CP gene was amplified using primers TMV-CP-F 
and TMV-CP-R. Actin was used as internal control. Total proteins isolated from the 
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transfected protoplasts at different time points were used for Western Blot to detect the 
CP expression using TMV-CP antibody.   
 
 
SHAPE structure probing 
Primer TMV-T7(CP14+UPD)-F and primer R were used to amplify target fragments 
from TMV and Primer TMV-T7(CP14+AAA)-F and primer R were used for TMV 
mutants TMV(24A+UPD), TMV(42A+UPD) and TMV(62A+UPD) fragment 
amplification. From 5’ to 3’ orientation, the fragment consisted of 14 nt from the CP ORF 
3’ end sequence, 24 nt upstream of UPD, UPD(PK1, PK2, PK3), and TLS in TMV 
genome.  For the three mutants, the 24 nt, 42 nt and 62 nt were located downstream of 
CP stop codon in the fragments (Fig. 7), respectively. The PCR products were 
column-purified by Wizard
®
 SV Gel and PCR Clean-up System (Promega) and further 
used as template for in vitro AmpliScribe T7-Flash transcription kit. The RNA transcripts 
were purified by denaturing PAGE gel purification approach. After ethanol precipitation, 
RNA was dissolved in RNase-free water.  
We chose an experimental and signal processing pipeline that requires two 
fluorescent labels. Four reactions were needed for one sample. The four reactions were 
resolved in two capillaries: the (+) reagent reaction and one sequencing reaction in one 
capillary and the (-) reagent reaction and an identical sequencing reaction. Two pmol of 
RNA was mixed with folding buffer (HEPES 50 mM (pH = 7.0); KCl 100 mM; MgCl2 
concentration was 2.5 mM) and denatured at 65 °C for 5 min. The RNA was then slowly 
cooling down at room temperature for 30 min. Reactions were divided into two aliquots 
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of 4.5 ul each and 0.5 ul NMIA (0.001 g in 125 ul DMSO) was added to one as (+) 
reaction. To the other aliquot, equal volume of DMSO was added as (-) reaction. Both (+) 
and (-) reactions were incubated at 37 °C for 40 min and precipitated at -20 °C with 60 
ng/up glycogen, 0.3 M sodium acetate, pH 5.2 and 3 volumes of cold ethanol. 
Precipitated RNA was collected by centrifugation, washed once in 70 % ethanol and 
resuspended in RNase-free water. Two pmol of VIC or NED-labeled primer P6 were 
annealed to the RNA at 90 °C 3 min, 55 °C 10 min, on ice 3 min. RNA was reverse 
transcribed at 55 °C for 50 min with Invitrogen superscript III transcriptase kit. 
Sequencing ladders were prepared using the cycle sequencing kit according to the 
manufacturer’s instructions and primers labeled with NED or VIC dyes which was 
different from that used for the (+) and (-) reactions. Sequencing reactions were divided 
into two and mixed with (+) and (-) reactions, respectively. Precipitated as above, dried 
and resuspended in 15 ul Hi-Di formamide. Primer extension products were analysed on 
an Applied Biosystems 3100 xl DNA analyser. Electropherograms were processed using 
the QuSHAPE programme (Karabiber et al. 2013), following the software developer’s 
protocol. 
Molecular modeling 
RNAstructure software package from University Rochester Medical Center Mathews 
lab (http://rna.urmc.rochester.edu/software.html) (Mathews 2006) was used to generate 
the secondary structures based on the 3' UTR SHAPE-probed secondary structure 
information. Figures of secondary structures were further polished by VARNA 
(http://varna.lri.fr/) and RnaViz2 software (http://rnaviz.sourceforge.net/) (Darty et al. 
2009, De Rijk et al. 2003). The dot-bracket files generated from RNAstructure were put 
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into online RNAComposer (Popenda et al. 2012) 
(http://rnacomposer.ibch.poznan.pl/Home) for prediction of RNA 3-D structures. The 
Jmol (Tully et al. 2013) software was used to build the predicted 3-D models based on 




Table 4.1 Primers list 
Actin-F CTTGAAACAGCAAAGACCAGC 
Actin-R GGAATCTCTCAGCACCAATGG 
Primer-R TGGGCCCCTACCGGGGGTAA  
TMV-T7(CP14+UP
D)-F 
ATTACATAATACGACTCACTATAGGGGTCCTGCAACTTGAGGT    
TMV-T7(CP14+AA
A)-F 












Chapter 5 A stem-loop structure upstream of Tobacco mosaic 
virus pseudoknot domain in 3’-UTR regulates virus replication 
Abstract:  
 A stem-loop structure was validated to be present in TMV genome. It was formed 
with 25 nucleotides from partial coding and non-coding sequence. The stem-loop 
structure was validated through SHAPE analysis and it was found to be located in the 
junction of TMV-CP and 3’-UTR that upstream of the first pseudoknot in TMV-UPD. 
The stem-loop sequence deletion mutant demonstrated a higher viral RNAs accumulation 
in N. benthamiana protoplasts. Also, the structural detective mutant replicated more rapid 
than the wilt type. It implied that the stem-loop structure in TMV genome function played 
a role in controlling virus replication. In addition, the structural prediction results showed 
that similar stem-loop structure was present in all the tobamoviruses. The stem-loop 
structure would function as a controller to virus replication and conserved among the 
tobamoviruses. 
5.1 Introduction  
Ribonucleic acid (RNA) is a polymeric molecule found in living organisms. It is 
implicated in various biological roles in coding, decoding, regulation, and expression of 
genes. RNA consists of a chain of ribonucleotides linked by covalent chemical bonds. 
Unlike DNA, RNA is found in nature as a single-stranded folded chain, rather than a 
paired double-strand. The primary structure of the molecule determines what kind of 
RNA it is (Clark 2012). There are three main types of RNA in cellular organisms, such as; 
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message RNA (mRNA) is a large family of RNA molecules that carries codes from the 
DNA in the nucleus to the sites of protein synthesis in the cytoplasm. Transfer RNAs 
(tRNA) are small RNA molecules containing 75 to 95 nucleotides. There are different 
tRNA molecules and most of them function as carries of amino acids to participate in 
protein synthesis. In addition, there is ribosomal ribonucleic acid (rRNA) which is the 
RNA component of the ribosome that is essential for protein synthesis in all living 
organisms (Kiss 2001, Tinoco and Bustamante 1999). RNA is known to be involved in 
many aspects of cellular physiology through activities that attributable to its secondary 
structures and tertiary structures. In molecular biology, two nucleotides on opposite 
complementary DNA or RNA strands that are connected via hydrogen bonds would form 
base pairing (Tinoco and Bustamante 1999). Except for the normal AU and GC pairings, 
there possible mis-pairings of GT and AC because of the pattern of hydrogen donors and 
acceptors do not correspond. The GU wobble base pair, with two hydrogen bonds, does 
occur fairly often in RNA (Higgs 2000).  
Through the base pairings of nucleic acids in the single-stranded RNA, the RNA 
would form various structures. About RNA secondary structure, it is generally divided 
into helices (contiguous base pairs) and various kinds of loops (unpaired nucleotides 
surrounded by helices). Frequently these elements or combination of them, can be further 
classified, such as, tetraloops, pseudoknots, and stem-loops (Lodmell 2015).  
Stem-loop is the most universal RNA structure. The extremely common structure of 
stem-loops is that a base-paired helix ends in a short unpaired loop. This structure is also 
known as a hairpin. It occurs when two regions of the same strand are complementary in 
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nucleotide sequence but read in opposite directions. Several simple stem-loops normally 
build together for larger structural motif (Mortimer et al. 2014). A well-known example 
is the cloverleaf structure – a four-helix junction that is found in tRNA (Shigematsu et al. 
2014, Sobala and Hutvagner 2011). The pseudoknot is a nucleic acid secondary structure 
containing at least two stem-loop structures in which half of one stem is intercalated 
between the two halves of another stem. Pseudoknots fold into knot-shaped three 
dimensional conformations but are not true topological knots (Staple and Butcher 2005). 
Several important biological processes rely on RNA molecules that form pseudoknot to 
possess comprehensive tertiary structure (Brierley, Pennell and Gilbert 2007). In viral 
genomes, several pseudoknot structures are often build to form a tRNA-like motif to 
infiltrate host cells and facilitate virus replication after infection. The TMV-UPD was 
consisted with three pseudoknots which plays important role for virus cap-dependent 
initiation translation. It located upstream of TMV-TLS which was essential for virus 
minus-strand synthesis (Gallie and Walbot 1990, Takamatsu et al. 1990, van Belkum et al. 
1985). There were several nucleotides located downstream of TMV-CP stop codon and 
upstream of the first pseudoknot in UPD. According to previous study of TMV-UPD 
(Zeenko, Ryabova, Spirin, Rothnie, Hess, Browning and Hohn 2002), it was found that a 
putative stem loop structure was formed with 10 nt nucleotides in TMV-CP gene and 15 
nt from the 3’-UTR sequences. The stem-loop was located specifically upstream of the 
first pseudoknot in UPD from 5’ direction. Whether this stem-loop exists in TMV 
genome is unknown and further question of the stem loop structural function is unclear.  
Using SHAPE technology, the stem loop structure in TMV genome was validated. 
Deletion analysis showed the stem-loop could control virus replication. The structural 
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disruption mutation demonstrated a higher viral RNAs accumulation and replication 
efficiency in host plant, indicating the importance of the stem loop to regulating TMV 
replication. The similar stem loop structures were present in other tobamoviruses as well 
according to the predicted RNA structures that formed with corresponding sequences in 
genomes. The results showed that the stem loop structure would be a new cis-acting 
element in TMV genome. In addition, this stem-loop that formed with partial coding and 
non-coding sequences might be universal among tobamoviruses and function as a 
regulator to virus replication.           
5.2 Results 
5.2.1 Mutant virus without hairpin sequence replicated more rapidly  
The putative hairpin structure was consisted of 25 nucleotides. It starts from 6182 nt 
ends at 6206 nt, The sequences were consisted of ten nucleotides from TMV-CP coding 
region that included its UGA stop codon, and 15 nucleotides of the UPD region upstream 
of the first RNA pseudoknot. In order to detect the putative functions of the stem-loop 
structure, a chimeric virus was constructed. A total of 24 nt at the 5’ end of UPD 
(6192-6215 nt) was deleted to destroy the stem-loop structure. This TMV mutant was 
termed as TMV(ΔSL24nt) (Figure 5.1).    
To test TMV(ΔSL24nt) infectivity in N. benthmiana, transcribed viral RNAs of 
TMV(ΔSL24nt) were inoculated on 4-weeks-old N. benthamiana to observe the 
symptoms development. After 7 dpi, the inoculated plants were killed with severe 
necrosis as that of TMV inoculation (Figure 5.2). Total RNAs were isolated from both the 
 109 
 
inoculated and upper leaves at 4 dpi for RT-PCR and DNA sequencing to detect whether 
the mutated sequences were reverted. DNA sequencing results showed that there was no 
sequence mutation occurred in TMV(ΔSL24nt), the deleted 24 nt was not reverted after 
replication in the infected plants.   
The replication efficiency of TMV(ΔSL24nt) was analyzed in N. benthamiana 
protoplasts. The amount of 5 µg viral RNAs were transfected into protoplasts and 
incubated for 24 hpt. Northern blot results showed that the chimeric virus subgenomic 
RNAs were detectable in N. benthamiana protoplasts at 24 hpt, indicating the deletion of 




Figure 5.1 Schematic structures of TMV and its stem-loop structure mutants. The 
nucleotides formed the stem-loop structure were labeled in bold and underlined. 
TMV(ΔSL24nt) was a deletion mutant (6192 to 6215 nt) with its stem-loop structure 
dissociated. The mutated nucleotides were labeled in blue color in TMV (CPuau-cgg) 
which maintained its CP amino acid sequence but without stem-loop structure. The 
flanking sequences of stem-loop were labeled in purple and green colors. In TMV 
(inverted SL-1). Symbols a and b represent left (nt 6182-6191) and right side (nt 
6192-6206) of the stem-loop structure. Symbol c represents the flanking sequence (nt 




Figure 5.2 Symptoms of inoculated N. benthamiana at 7 dpi and 14 dpi. TMV and its 




Figure 5.3 (A) Northern blot of N. benthamiana protoplasts transfected with 5 μg in 
vitro viral RNAs. Total RNA was extracted at 24 hpt for Northern blot, detected 
with a DIG-labeled TMV-CP probe. All the TMV mutants viral RNAs could be 
detected, indicating the replication occurred in N. benthamiana protoplasts. (B) 
Quantitative reverse transcription PCR to detect the TMV-CP expression level 
(upper). The N. benthamiana actin gene was used as control (lower). 
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5.2.2 Inverted stem-loop mutants replicated slower 
Two chimeric mutants were constructed which contains inverted stem-loop structure 
in viral genome (Figure 5.1). Based on the online prediction, one chimeric mutant 
TMV(inverted SL-1) contains the whole inverted structure including the flank sequences 
beyond the stem-loops also inverted, the other mutant TMV(inverted SL-2) was 
specifically inverted the stem-loop and keeping the flank sequences in UPD same as that 
of TMV. Because of the original CP stop codon in the stem-loop structure was inverted, a 
new UGA stop codon was introduced in CP ORF. Also, since the stem-loop structure 
consisted with 10 nt from CP gene sequences, TMV(inverted SL-1) and TMV(inverted 
SL-2) would have a truncated CP that three amino acids less than the wild type (Figure 
5.1). Using the transcribed viral RNAs for inoculation, the inoculated N. benthamiana 
plants developed necrosis as rapidly as that of TMV. All inoculated plants died after 7 dpi 
(Figure 5.2). Viral RNAs of both TMV(inverted SL-1) and TMV(inverted SL-2) were 
detectable in N. benthamiana protoplasts at 24 hpt, which indicate the inverted stem-loop 
structure in TMV mutants did not inhibit virus replication (Figure 5.3). 
5.2.3 Chimeric virus without stem-loop structure replicated more rapidly  
The stem-loop structure is formed by partial 3’ end CP gene sequences. In order to 
break the structure but keeping the nucleotides in 3’-UTR, three amino acids codons in 
CP gene were substituted to interrupt the base pairing which were essential for the 
formation of stem-loop structure. The chimeric virus contained the whole 24 nt sequence 
and intact CP amino acids sequence as that of TMV, only without the putative hairpin 
structure due to the base pairing interruption. As three nucleotides in CP gene were 
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mutated to C, G, G to destroy the base pairings in stem-loop structure, this mutant was 
termed as TMV(CPuau-cgg) (Figure 5.1). After inoculation on N. benthamiana using 
transcribed viral RNAs of TMV(CPuau-cgg), the inoculated plants showed necrosis 
earlier than that of TMV (Figure 5.2). Also, the chimeric viral RNAs accumulation in 
both positive strand and negative strand was higher than that of TMV in N. benthamiana 
protoplasts at 38 hpt (Figure 5.4). It suggested that the putative stem-loop structure 





Figure 5.4 Quantitative reverse transcription PCR of N. benthamiana protoplasts  
transfected with 5 μg in vitro viral RNAs. Total RNA were extracted at different 
time points for detection of both the positive and negative stranded CP gene 
expression of TMV and its stem-loop mutants.  
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5.2.4 TMV stem-loop mutants induced mosaic symptoms in N. tabacum 
TMV stem-loop mutant viruses were successfully replicated in N. benthamiana. All 
infected plants showed lethal symptom, while TMV(CPuau-cgg) and TMV(ΔSL24nt) 
killed the plants even faster than TMV. Using infected plant leaves for total RNA 
extraction and after RT-PCR, DNA sequencing results showed that there was no mutated 
nucleotides reverted in all the TMV stem-loop mutants. It implied that the rapid lethal 
symptoms induced exactly by stem-loop sequence deletion or mutation in 
TMV(CPuau-cgg) and TMV(ΔSL24nt), rather than the mutants genomic sequence 
reverted to that of wild type. In order to test whether such rapid replication and severe 
symptoms induced by TMV stem-loop mutants are host-dependent, plants Nicotiana 
tabacum and Arabidopsis thaliana Shadara were used for inoculation with in vitro 
transcripts of TMV and its stem-loop mutants.  
All TMV-stem-loop-mutants-inoculated N. tabacum showed mosaic symptoms in the 
upper leaves after 10 dpi and developed tissue distortion at 30 dpi, similar to that of TMV 
(Figure 5.5). Comparing with TMV-inoculated plants, the mosaic symptoms on the 
mutants inoculated plants upper leaves displayed no difference among each other. It was 
difficult to compare the severity levels of the symptoms induced by TMV and that of the 
TMV stem-loop mutants (Figure 5.6). Same as the results in N. benthamiana, DNA 
sequencing result revealed that there were no mutated nucleotides reverted to wild type in 
























Figure 5.5 Symptoms of N. tabacum var. Samsun that inoculated with TMV and 



























Figure 5.6 Close examination of the inoculated N. tabacum var. Samsun at 30 dpi. 
The upper leaves (adaxial side) of the inoculated plants showed mosaic symptoms.  
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Arabidopsis thaliana ecotype Shadara is a highly susceptible TMV host, permitting 
rapid accumulation of viruses in both inoculated and systemic tissues, accompanied by 
defined disease symptoms which include stunting, necrosis, and leaf curling. After 
inoculation with viral RNA transcripts of TMV and its mutants, respectively, 
TMV-infected plants showed typical symptoms of necrosis and leaf curling. The TMV 
stem-loop mutants infected plants developed similar symptoms as that of TMV. 
TMV(CPuau-cgg) and TMV(ΔSL24nt) inoculated plants did not display lethal symptoms 
(Figure 5.7). Also, the four TMV mutants were all detected in the upper leaves which 
indicating the systemic movement of these TMV mutants occurred. DNA sequencing 
results confirmed that no nucleotides mutation reverted in all four TMV stem-loop 



















Figure 5.7 The symptoms of Arabidopsis thaliana Shahdara (Sha) that inoculated 
with TMV and TMV stem-loop mutants at 20 dpi. 
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5.2.5 Deletion of the stem-loop structure extended the length of introduced poly(A) 
tract 
TMV(24A+UPD) possessed an introduced poly(A) tract that located upstream of the 
UPD in TMV genome. The introduced 24 nt poly(A) tract is located between the CP gene 
and the 3’-UTR sequence. The SHAPE analysis of TMV(24A+UPD) fragment that 
covering the partial CP gene sequence and 3’-UTR showed that the stem-loop structure 
remained intact with eight nucleotides from the CP gene sequence. The stem formed in 
TMV(24A+UPD) was two base pair shorter than that of TMV, and the external loop in 
TMV(24A+UPD) was larger than that of TMV because of the introduced 24 nt internal 
poly(A) tract in the corresponding region of viral genome. After inoculation of 
TMV(24A+UPD) in N. benthamiana, it was found that the introduced 24 nt poly(A) tract 
would extend longer during replication. In order to determine whether the stem-loop 
contributes to the internal poly(A) tract extension, TMV(ΔSL+24A+UPD) was 
constructed. A 24 nt sequences downstream of the introduced poly(A) tract in 
TMV(24A+UPD) was deleted to dissociate the stem-loop. After inoculation of 
TMV(ΔSL+24A+UPD) in N. benthamiana, total RNAs were extracted from the infected 
plants and DNA sequencing showed the deleted nucleotides did not revert back after 
replication in host plant. However, under the same conditions, DNA sequencing results 
demonstrated that the internal 24 nt poly(A) tract in TMV(ΔSL+24A+UPD) elongated 
faster than that of TMV(24A+UPD) (Figure 5.8). The disrupted stem-loop structure 
would play a role in controlling the introduced poly(A) tract extension, or it may block 
























Figure 5.8 DNA Sequencing results showed that the internal poly(A) tract elongated 
more rapid in TMV(ΔSL+24A+UPD) than that of TMV(24A+UPD) after 
inoculation in N. benthamiana. 
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5.2.6 Structures of the inverted stem-loop mutants were not the same as predicted 
We probed the 3’UTR in the context of the whole viral genome with a SHAPE 
reagent, N-methylisotoic anhydride (NMIA). The reactivity plot of the 3’UTR showed 
accurate formation of the stem-loop structure in TMV genome at the position as proposed. 
However, the 3’UTR structure of the stem-loop deletion mutant was totally different with 
that of the TMV.   
SHAPE analysis of the TMV stem-loop structure mutants 
The SHAPE analysis of the fragment in the 3’ terminal of wild type TMV-U1 
showed that there is a stem-loop structure present in the predicted location of the viral 
genome. As predicted, the stem-loop structure is consisted of 25 nt that 10 nt comes from 
the CP 3’-terminal coding sequence and 15 nt from the 3’-UTR sequence. There are two 
short stems with four- and five-base parings, respectively. A mismatch (A-A) occurred 
between the two short stems results in an internal single nucleotide bulge. The single 
apical loop is consisted of 5 nt in the 3’-UTR sequence. The 10 nucleotides in the CP 
3’-terminal sequence formed stems with nucleotides from the 3’-UTR.  
In the deletion mutant TMV(ΔSL24nt), since the 24 nt in 3’-UTR were deleted, the 
SHAPE analysis showed that the such-stem-loop was not present in the predicted location 
in viral genome. The CP 3’-terminal sequences that used to form the stem-loop structure 
became part of a loop without base pairing with other sequences in 3’-UTR. A short 
hairpin structure was present downstream of the CP 3’-terminal sequences in 
TMV(ΔSL24nt). It is worth noting that the short stem-loop structure also existed in the 
wilt type TMV-U1 genome sequence as showed in SHAPE results. However, because of 
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the nucleotides deletion of the 24 nt at the beginning of 3’-UTR, the location of the 
hairpin structure was moved relative closer to the 5’-terminal of the genome (Figure 5.9).  
In the mutant TMV(CPuau-cgg), three nucleotides in the 3’-end of CP coding 
sequence were mutated to break the stem-loop structure but keeping the same amino 
acids. However, the SHAPE result of the fragment in TMV(CPuau-cgg) displayed a 
different secondary structure conformation from that of the prediction (Figure 5.9). Since 
the base pairings were disrupted due to the three nucleotides mutation, the stem-loop 
structure that used in the wild type was not present in TMV(CPuau-cgg) genome. The 
structural conformation in the 3’-end UTR of TMV(CPuau-cgg) was different from that 
of the wild type viral genome, although the nucleotide sequences were the same as before. 
The reason could be due to new stems formed by base pairings between point-mutated 25 
nt sequence and the nucleotides in the 3’-end UTR.  
The 3’UTR structure of the two inverted stem-loop mutants were also analyzed 
(Figure 5.9). The reactivity plot of the fragment in TMV(inverted SL-1) showed there 
was a stem-loop formed in the same position as that of TMV. However, the bottom stem 
was two base-pairs shorter than that in TMV. The remaining top stem and the apical loop 
were the same as that of TMV. The downstream hairpin structure were varied to a longer 
stem-loop that formed by new base pairings. It was noted that the two stem-loops 
structures were close to each other with merely one nucleotide separation, as the flanking 
sequences downstream of stem-loop structure in TMV genome were switched to the 
upstream position of stem-loop in TMV(inverted SL-1). On the other hand, 
TMV(inverted SL-2), only has 25 nt that formed the stem-loop structure were inverted in 
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viral genome. Different from the predicted inverted stem-loop structure, the SHAPE 
analysis of the fragment in TMV(inverted SL-2) displayed that the stem-loop formed with 
partial coding and non-coding sequences in TMV was not present in the same position. 
However, a hairpin structure was present. It is consisted of a four-base-pairings stem and 
a 14 nt apical loop. The structural conformation of the 3’-UTR in TMV(inverted SL-2) 






Figure 5.9 SHAPE analysis of RNA fragment structures of TMV and its stem-loop 
structure mutants. The CP stop codon in TMV(ΔSL24nt) and TMV(CPuau-cgg) 
were labeled within red box. The introduced CP stop codon in TMV(inverted SL-1) 
and TMV(inverted SL-2) were labeled in red box as well. The mutated sequences 




Other tobamoviruses also possess such short stem-loop structure 
TMV is the type species of Tobamovirus. There are conserved RNA secondary 
structures in their viral genomes. In order to test whether other tobamoviruses also 
contain this stem-loop structure in the same location in viral genome, some representative 
viruses were chosen for RNA structure prediction using the Mfold web server 
(http://mfold.rna.albany.edu/?q=mfold). Cucumber green mottle mosaic virus (CGMMV), 
Pepper mild mottle virus (PMMoV), Odontoglossum ringspot virus (ORSV), Tomato 
mosaic virus (ToMV) and Cucumber mottle virus (CMoV) were firstly chosen for the 
RNA structure prediction using genomic sequences startings from the junction between 
viral CP gene and the 3’ UTR, to analyze whether a stem-loop structure would form in 
this region of viral genome.  
The ORSV complete genome (NC_001728.1) was 6618 base pairs long and the CP 
open reading frame was from 5728 to 6204 nt in its viral genome. As the stem-loop 
structure in TMV genome is consisted of 25 nt in total and 10 nucleotides were from CP 
gene sequence, we choose 14 nucleotides from the 3’-end of ORSV CP gene sequences 
and 26 nt from the 5’-end of ORSV 3’UTR sequence for RNA structure prediction, which 
was from 6191 to 6231 nt of ORSV genome (ggacctcttc ctaatcatat ttaggaaaat aacgttgata). 
The predicted RNA structure of the sequences showed that a stem-loop was formed with 
a seven-base-paired helix and an external loop consisted by five nucleotides. Similar to 
the stem-loop structure in TMV genome, the CP stop codon of ORSV also base paired 
with three nucleotides in 3’-UTR sequence to be partial of the stem in the predicted 
ORSV stem-loop structure (Figure 5.10). 
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The CGMMV genome (NC_001801.1) was 6424 nt and its CP coding sequence was 
from 5763 to 6248 nt. The fragment sequence from 6234-6270 (tcga aagcttagtt tcgagggtct 
tctgatggtg) was used for RNA structure prediction. Same as that of ORSV, a stem-loop 
structure was formed with a stem that consisted of eight base parings and an external loop. 
The CP stop codon nucleotides were used to form the loop (Figure 5.10). 
The full-length of ToMV genome (NC_002692.1) is 6383nt long and the CP gene 
sequence is from 5703 to 6182nt. The fragment from 6167 to 6200 nt (tgca cctgcatctt 
aaatgcatag gtgctgaaat) was used for RNA structure prediction. A stem-loop structure was 
formed by the nucleotide sequence. There is a two nucleotides bulge in the stem-loop 
structure. The nucleotide sequence from 6141 to 6174 nt (tgggctacaa ctccttaaac atgatggcat 
aaat) in PMMoV (NC_003630.1) genomic as PMMoV-CP gene ORF was from 
5685-6158 nt. The sequence also formed a stem-loop structure. However, different from 
previous predicted stem-loop structure, it is consisted of 13 nucleotides from PMMoV-CP 
gene sequence and was a short hairpin structure with three base pairings in the stem. 
CMoV belongs to tobamovirus as well. Its complete viral genome is 6485 nt long and the 
CP coding sequence is from 5826 to 6314 nt. The nucleotide sequence from 6301 to 6330 
nt (cttcctccaa gtgaggaatg tttgctccgt) was used for RNA structure prediction. A stem-loop 
structure was formed with six-base-paired stem and a five-nucleotide external loop 






Figure 5.10 Predicted stem-loop structures in other tobamoviruses. 
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From the International committee on Taxonomy of viruses (ICTV) website, other 
tobamovirus were also selected and analyzed for the presence of the stem-loop structure 
in their viral genomes. RNA sequences that were used for prediction were listed in Table 
5.1. The predicted structure of each viral sequence was attached. It was found that all 
these tobamoviruses sequences would form a stem-loop structure with their partial CP 
gene and 3’-UTR sequences. The stem length and loop size of different viruses were 
different. In some viruses, such as, Clitoria yellow mottle virus (CYMV), Kyuri green 
mottle mosaic virus (KGMMV) and Streptocarpus flower break virus (SFBV), the 
nucleotide sequences form two parallel stem-loop structures (Figure 5.11). The CP gene 
stop codon of each virus was labeled in the figures of predicted structures. The results 
displayed that most of the stem-loop structures were formed with partial CP gene 
sequences and 3’-UTR nucleotides. The stem-loop structural composition was the same 
as that of TMV, indicating that the stem-loop structure is conserved all tobamoviruses. 
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Table 5.1  List of the nucleotide sequences that used for stem-loop structure 
prediction in tobamoviruses 
Virus Species Start Stop Sequence 
Bell pepper mottle virus 6161 6194 cacctccatc aggttagaat tgtagaaata ataa 
Brugmansia mild mottle 
virus 6174 6203 gccccta ctacttaagt agggaaaatt tag 
Cactus mild mottle virus 6206 6236 aggtg ccacacctag tacttcgtag tctcga 
Clitoria yellow mottle 
virus 6311 6244 gcgtgcgacc acttaggttc cgtctttgac ggta 
Cucumber fruit mottle 
mosaic virus 6317 6350 cgt ctacctcgaa gtgaggcgtg gtcgctgcgt 
Cucumber green mottle 
mosaic virus 6324 6270 tcga aagcttagtt tcgagggtct tctgatggtg 
Cucumber mottle virus 6301 6330 cttcctccaa gtgaggaatg tttgctccgt 
Frangipani mosaic virus 6356 6384 ctact accgcgtaat aaatatataa taaa 
Hibiscus latent Fort 
Pierce virus 6255 6285 accgct cctgctaact aaaaaaaaaa aaaaa 
Hibiscus latent Singapore 
virus 6278 6310 cgucuacuac aacguaaaaa aaaaaaaaaa aaa 
Kyuri green mottle 
mosaic virus 6318 6367 cuuccucaaa gugaggcgug gggguaacga 
Maracuja mosaic virus 6603 6633 tccgcgtc aaagtgacgt ggtgtacacg ata 
Obuda pepper virus 6226 6256 cuacuacuac auaaguuagu uuuauauaga a 
Odontoglossum ringspot 
virus 6191 6231 ggacctcttc ctaatcatat ttaggaaaat aacgttgata 
Paprika mild mottle virus 6220 6250 gcagcuacua cauaaguagc uuaauaggua aa 
Passion fruit mosaic virus 6598 6632 gucuacuucg aaguagcgug gcgcauacga gaaug 
Pepper mild mottle virus 6141 6174 tgggctacaa ctccttaaac atgatggcat aaat 
Rattail cactus 
necrosis-associated virus 6291 6320 ugacagucgu acuuaaggau cuuucucaaa 
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Rehmannia mosaic virus 6179 6209 ucccgcaacu ugagauaauc auguugcgua a 
Ribgrass mosaic virus 6061 6095 ggcacctgct acttgagcgt ggtgcgcacg atagc 
    
Virus Species Start Stop Sequence 
Sammons's Opuntia virus 
(Opuntia virus X) 6536 6569 uaccaggucc ugaauaagac acuacuccag gcuc 
Streptocarpus flower 
break virus 6058 6090 gccacugcaa aauaguggug cauacuauaa ugc 
Tobacco mild green 
mosaic virus 6231 6155 actccggcta cttagctatt gttgtgagat ttcct 
Tobacco mosaic virus 6177 6210 gguccugcaa cuugagguag ucaagaugca uaau 
Tomato mosaic virus 6168 6200 gcaccugcau cuuaaaugca uaggugcuga aau 
Tomato mottle mosaic 
virus 6185 6216 cgccag cgtcctaagt aataaaggac gaaatt 
Turnip vein-clearing virus 6061 6093 tgcgcctgct acttaggcgt agtgcgcacg ata 
Wasabi mottle virus 6049 6080 gcgccggcua aauaggcgug gugcacacga ua 
Yellow tailflower mild 
mottle virus 6191 6222 tagaacaact taaatgtcat aatgaccgtg gc 
Youcai mosaic virus 6054 6083 gcgccagcua cauaggcgug gugcacacga 
Zucchini green mottle 
























5.3 Discussion  
Stem-loop structure is also known as a hairpin or hairpin loop. It more commonly 
occurred in RNA when the complementary nucleotide sequences located in two regions 
of the same strand. The two nucleotide sequences should read in opposite directions to 
form a double helix through base-pair and ends in an unpaired loop. Stem-loop is a key 
building block for many RNA secondary structures, such as the well-studied transfer 
RNA which contain three stem-loops and one stem that form in a cloverleaf pattern. 
Many ribozymes also contain stem-loop structures (Belasco and Brawerman 2012, Yu et 
al. 2011). The self-cleaving hammerhead ribozyme contains three stem-loops that 
clustered together in a central unpaired region which is the cleavage site (Scott et al. 
2013). The hammerhead ribozymes RNAs were originally discovered from virus satellite 
RNAs and viroids, and the ribozymes basic secondary structure is essential for its 
self-cleavage activity (Flores et al. 2014). The stem-loop structure in message RNA is 
known to form the ribosome binding site that controls the initiation of translation. 
Moreover, stem-loop structure is important in transcription. In the rho-independent 
transcription termination process, the stem-loop forms in one mRNA strand that cause the 
RNA polymerase to detach from the DNA template strand and terminate transcription 
(He et al. 2012). There are many stem-loops exist in the 5’-UTR of prokaryotes. These 
structures often interact with proteins to mediate translation (Kiss 2001). The stem-loop 
structures are also present in virus 3’- and 5’-UTR, which are highly structured regions in 
viral genome. Most of the stem-loops in viral non-coding regions are cis-acting elements 
that regulate virus replication and translation (Alvarez, Ezcurra, Fucito and Gamarnik 
2005, Barton, O'Donnell and Flanegan 2001).  
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Based on the algorithm prediction results of the nucleotide sequence in TMV genome, 
we noticed there was a putative stem-loop structure formed with partial CP gene 
sequence and several nucleotides in 3’-UTR. Deletion or disruption of the stem-loop 
structure had been demonstrated to affect virus replication. As stem-loops function in 
other plant viruses that regulate virus replication through the inhibiting of minus-strand 
synthesis, the nucleotide mutations introduced in stem-loop sequence would also affect 
viral minus-strand synthesis during TMV replication. The SHAPE analysis of TMV 
fragment validates the existence of the stem-loop structure in viral genome, which the 
stem length and loop size were same as expected. However, in the further inverted 
stem-loop mutations, the fragments structures from SHAPE analysis were different as the 
predicted. The mutated nucleotide sequences did not form an inverted stem-loop structure 
in TMV(inverted SL-1) and TMV(inverted SL-2) as the M-fold algorithm predicted. It 
presented that the computer predictions could not guarantee to provide an accurate picture 
of the secondary and tertiary structures of RNA sequences. TMV(ΔSL24nt) is the 
stem-loop deletion mutant while TMV(CPuau-cgg) is the stem-loop disruption mutant 
that retain the amino acid sequence in CP and keep the whole 3’-UTR sequences in viral 
genome. Both of TMV(ΔSL24nt) and TMV(CPuau-cgg) showed an increased replication 
efficiency than that of TMV in N. benthamiana. However, the TMV(CPuau-cgg) had the 
highest viral RNAs accumulation amount in N. benthamiana protoplasts comparing with 
TMV and other mutants. It indicated that nucleotide sequences in 3’-UTR used to form 
the stem-loop also contributed to the increased viral replication efficiency. Comparing the 
SHAPE results of TMV and TMV(ΔSL24nt), deletion of nucleotides in 3’-UTR lead to 
the disappear of the stem-loop structure that originally locate between CP gene and 
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3’-UTR in viral genome. The TMV 3’-UTR consisted with UPD and TLS structures that 
are important virus replication and translation. The UPD secondary structures in 
TMV(ΔSL24nt) were same as that of TMV. In addition to the deleted stem-loop structure, 
the formation of other structures in TMV(ΔSL24nt) fragment were similar to that of 
TMV. Therefore, disruption of the stem-loop structure could enhance virus replication 
efficiency. However, it was noted that the UPD secondary structure in TMV(CPuau-cgg) 
were also same as that of TMV, but the whole formation of TMV(CPuau-cgg) fragment 
was distinct from that of TMV because of the new base pairings occurred between the 
mutated sequences with nucleotide sequence in 3’-UTR. TMV(CPuau-cgg) replicate most 
rapid among TMV and its mutants in N. benthamiana protoplasts, indicating that the viral 
genomic structures in such formation would more facilitate virus replication. Also, in 
addition to the disrupted stem-loop structure in TMV(CPuau-cgg), the nucleotide 
sequences at the beginning of 3’-UTR that used to form the stem-loop might contributes 
to the virus faster replication of TMV(CPuau-cgg) as well.  
The stem-loop inverted mutants TMV(inverted SL-1) and TMV(inverted SL-2) 
displayed a comparable replication as that of TMV. Although both of them induce lethal 
symptoms eventually in N. benthamiana after inoculation, their viral RNAs accumulation 
in either positive strand or negative strand were lower than that of TMV in N. 
benthamiana protoplasts. It could because of the mutated nucleotide sequences did not 
form the predicted inverted stem-loop structure. There was still a similar stem-loop 
structure present in the position upstream of UPD sequence in TMV(inverted SL-1), 
however, the downstream structures including UPD and TLS were different as that of 
TMV. The 3’-UTR structures in TMV(inverted SL-2) were also altered comparing with 
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TMV. The TMV 3’-UTR was proven to function as cis-acting element that enhances 
virus replication. Therefore, the alteration of structural formation in TMV(inverted SL-1) 
and TMV(inverted SL-2) would inhibit virus replication in certain degrees. However, the 
TMV(inverted SL-1) and TMV(inverted SL-2) would kill the plant eventually. It 
indicated that no matter the flanking sequence that upstream of the first pseudoknot in 
UPD were inverted or not, the stem-loop structure was not the key regulator to virus 
replication.  
Higher-order RNA structural elements in the 3’ and 5’ UTR of positive-strand RNA 
virus genomes are known in many cases to function as cis-acting elements in genome 
replication (Pacha, Allison and Ahlquist 1990, Wang, Yeh and Falk 2009). Their 
mechanistic role may be that of serving a cis-acting function for translation, for genome 
targeting to a replication complex or for synthesis of the negative-strand antigenome. The 
coronavirus mouse hepatitis virus (MHV) contains sequences in its 3’UTR and it was 
found that the sequences are necessary for the synthesis of negative-strand viral RNAs as 
well as be crucial for both genomic and subgenomic positive-strand RNA synthesis (Hsue 
and Masters 1997, Yang et al. 2011). It was known that TMV-UPD could enhance virus 
replication through the interaction with host elongation factors (Zeenko, Ryabova, Spirin, 
Rothnie, Hess, Browning and Hohn 2002). The stem-loops in UPD interact with each 
other that formed three pseudoknots. However, according to our results, it was the first 
report of the stem-loop structure that formed with partial CP gene sequences and the 
nucleotides in the 5’-end of 3’UTR in TMV genome. Different with previous reported 
stem-loops, this stem-loop structure in TMV consisted with nucleotide from both coding 
and non-coding sequences. The location of the stem-loop was unique to the junction 
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between TMV-CP and 3’UTR. Some of the stem-loop structures in viral genome may 
cause genome circularization, a postulated prerequisite for genome replication in some 
positive-strand RNA viruses. Such as the leader sequence in TMV 5’UTR (Gallie 2002, 
Gallie, Sleat, Watts, Turner and Wilson 1987), it was postulated to interact with RNA 
elements in 3’UTR to initiate virus translation. After introducing a 24 nt poly(A) tract 
downstream of TMV-CP, it was found that the poly(A) tract would elongated more rapid 
when the stem-loop structure was destroyed. Therefore, the stem-loop structure in TMV 
genome may function as a bulged blocker to the polymerase during replication. The 
mechanism was similar to the Rho-independent termination which used to cause RNA 
transcription to be stopped (Farnham and Platt 1981, Wilson and von Hippel 1995). The 
G-C base pairs can form three hydrogen bonds between each other resulting in a stable 
RNA duplex. Following the stem-loop structure in TMV genome, there was a chain of 
uracil and adenine residues. The bonds between uracil and adenine are very weak. 
Therefore, the RNA polymerase would bind to the stem-loop structure tightly enough to 
cause the polymerase stall temporarily, then, the downstream weak adenine uracil bonds 
lower the energy of destabilization for the RNA-DNA duplex, allowing it to unwind and 
dissociate from the RNA polymerase.  
Other tobamoviruses genomes were also checked and the predicted results showed 
that such stem-loop structure was widely present in all the tobamoviruses between the CP 
coding sequence and 3’UTR non coding region. It implied that the tobamoviruses might 
use the same strategy to terminate transcription during virus replication. The stem-loop 
structure functions as a terminator to control the RNA transcription. Although the 
sequences downstream of the stem-loop were not poly-Uracil, but most of them were AU 
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rich sequences. In Rho-independent termination, the stem-loop structure that are not 
followed by a poly-Uracil sequence would cause the RNA polymerase to pause, but it 
will typically continue transcription after a brief time because the duplex is too stable to 
unwind far enough to cause termination. Therefore, the AU rich sequence downstream of 
the stem-loop structure in TMV genome would cause temporary pause of transcription to 
control the viral RNA minus-strand or subgenomic RNAs synthesis speed. Conclusively, 
a stable enough stem-loop structure and a downstream AU rich sequence, were two 
necessary factors for normal transcription in tobamoviruses, at least in TMV. It may 
explain why TMV(CPuau-cgg) had the highest viral RNA accumulation in N. 
benthamiana protoplasts. The SHAPE result of TMV(CPuau-cgg) fragment showed a 
longer stem following with a AU rich sequence. The longer stem consisted with more GC 
base parings resulting in a more stable RNA duplex, and furthermore, the UPD secondary 
structures in TMV(CPuau-cgg) were the same of that of TMV. On the contrary, although 
a similar stem-loop structure was exist in TMV(inverted SL-1), the AU rich sequence was 
located upstream of the stem-loop instead of downstream. For the fragment structure in 
TMV(inverted SL-2), the stem-loop formed with two AU and two CG base pairings were 
not stable enough to bind tightly with RNA polymerase. The structures in both 
TMV(inverted SL-1) and TMV(inverted SL-2) did not satisfy the two conditions which 
lead to the failure of transcription mediating. However, as both of them would still 
replicate in N. benthamaina protoplasts, indicating that the stem-loop structure was not 
the key regulator for virus replication. It would act in synergy with other RNA elements 
in viral genome.                                
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5.4 Methods and materials 
Plant materials 
N. benthamiana were grown at 25 
o
C in a 16 h light and 8 h dark plant growth room. 
The plants were grown in 5 inch diameter plastic pots with flower mixed soil (Universal 
Potting Soil, Tref®, The Netherlands) and watered regularly. The 4-weeks-old plants 
were used for inoculation with viral transcripts. The top two leaves of 4-weeks-old plants 
were used for protoplasts isolation. 
Plasmid construction and site-directed mutagenesis 
To construct the TMV stem-loop mutants, T7-based transcription vector containing 
cDNA fragment representing the whole TMV-U1 genomic sequences was used as 
template for over-lapping PCR. Primers were designed to introduce certain nucleotides 
mutations. The stem-loop structure deletion mutant was also constructed with primer 
TMV(ΔSL24nt)-F and TMV(ΔSL24nt)-R by overlapping PCR to remove the full 24 nt 
nucleotides from 6192 to 6215 that form the stem-loop structure.  
To prepare templates for transcription with T7 RNA polymerase, plamid DNA of the 
wilt type and mutants were linearized as follows: plasmid TMV-U1 contains the wild 
type sequences of TMV-U1. Plasmid TMV(ΔSL24nt) contains the TMV-U1 genome 
sequences without the 24 nt necleotides from 6192 to 6215. Three nucleotides were 
replaced in TMV-U1 genomic sequences in plasmid TMV(CPuau-cgg) to break down the 
putative stem-loop structure conformation but keeping the amino acid sequences same as 
before (6182U changed to C, 6185A changed to G, 6188U changed to G). Plasmid 
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TMV(inverted SL-1) contains the TMV-U1 genome sequences with a putative inverted 
stem-loop structure by switching the nucleotides that consisted of the stem-loop structure 
and the flanking sequences. Plasmid TMV(inverted SL-2) also a inverted stem-loop 
structure TMV mutant and only the 25nt nucleotides formed the stem-loop were switched. 
The flanking sequences upstream of the putative stem-loop (from 6207 to 6215) in TMV 
genome were kept. Plasmid TMV-U1 and the other four stem-loop mutants, plasmid 
TMV(ΔSL24nt), TMV(CPuau-cgg), TMV(inverted SL-1) and TMV(inverted SL-2) were 
linerized with KpnI with restriction endonucleases following by phenol-chloroform 
purification and absolute ethanol precipitation to obtain the purified linerized DNA 
template for in vitro RNA transcription.  
The in vitro transcription was performed with mMESSAGE mMACHINE T7 
transcription kit (Ambion, USA). RNA transcripts were precipitated with 7.5 M lithium 
chloride after incubating in -20 
o
C for 2 hours. The RNA pellets were washed with 70 % 
RNase-free ethanol and dissolved in DEPC-treated RNase-free water. The RNA 
concentration was determined with NanoDrop
TM 
Lite Spectrophotometer (Thermo 
Scientific, USA) and stored at -20 
o
C.  
SHAPE structure probing 
The primers used for fragment amplification were listed in Table 5.2. The PCR 
products were column-purified by Wizard
®
 SV Gel and PCR Clean-up System (Promega, 
USA) and further used as template for in vitro AmpliScribe T7-Flash transcription kit 
(Epicentre, USA). The RNA transcripts were purified by denaturing PAGE gel 
purification approach. After ethanol precipitation, RNA was dissolved in RNase-free 
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water. Two pmol of RNA was mixed with folding buffer (HEPES 50 mM (pH = 7.0); 
KCl 100 mM; MgCl2 concentration was 2.5 mM) and denatured at 65 °C for 5 min. The 
RNA was then slowly cooling down at room temperature for 30 min. Reactions were 
divided into two aliquots of 4.5 ul each and 0.5 ul NMIA (0.001 g in 125 ul DMSO) was 
added to one as (+) reaction. To the other aliquot, equal volume of DMSO was added as 
(-) reaction. Both (+) and (-) reactions were incubated at 37 °C for 40 min and 
precipitated at -20 °C with 60 ng/up glycogen, 0.3 M sodium acetate, pH 5.2 and 3 
volumes of cold ethanol. Precipitated RNA was collected by centrifugation, washed once 
in 70 % ethanol and resuspended in RNase-free water. Two pmol of VIC or NED-labeled 
reverse primer were annealed to the RNA at 90 °C 3 min, 55 °C 10 min, on ice 3 min. 
RNA was reverse transcribed at 55 °C for 50 min with Invitrogen superscript III 
transcriptase kit. Sequencing ladders were prepared using the cycle sequencing kit 
according to the manufacturer’s instructions and primers labeled with NED or VIC dyes 
which was different from that used for the (+) and (-) reactions. Sequencing reactions 
were divided into two and mixed with (+) and (-) reactions, respectively. Precipitated as 
above, dried and resuspended in 15 ul Hi-Di formamide. Primer extension products were 
analysed on an Applied Biosystems 3100 xl DNA analyser. Electropherograms were 
processed using the QuSHAPE programme (Karabiber, McGinnis, Favorov and Weeks 
2013), following the software developer’s protocol. 
Molecular modeling 
RNAstructure software package from University Rochester Medical Center Mathews 
lab (http://rna.urmc.rochester.edu/software.html) (Mathews 2006) was used to generate 
the secondary structures based on the 3' UTR SHAPE-probed secondary structure 
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information. Figures of secondary structures were further polished by VARNA 
(http://varna.lri.fr/) and RnaViz2 software (http://rnaviz.sourceforge.net/) (Darty et al. 
2009, De Rijk et al. 2003). The fragment sequences of other tobamoviruses were obtained 
from NCBI database (http://www.ncbi.nlm.nih.gov/) and the structures prediction was 

























































Chapter 6  Conclusions and future work 
6.1 Conclusions 
The relationship between UPD and internal poly(A) tract in TMV genome was 
studied. First, TMV-43A is a TMV mutant that the UPD in TMV was replaced by an 
introduced 43 nt poly(A) tract in the corresponding location of viral genome. After 
substitution, TMV-43A replication was slower than that of TMV. Different plant hosts 
were used to test the infectivity of TMV-43A. In the hypersensitive local lesion host plant 
C. amaranticolor, there were less local lesions showed on the leave after TMV-43A 
inoculation, as compared with that of TMV. Even with a high inoculum (100 μg) of 
TMV-43A, the local lesions were lesser and tiny, indicating a weak infectivity of 
TMV-43A in C. amaranticolor. In addition, TMV-43A induced mosaic symptoms in N. 
benthamiana, as compared with the lethal symptom induced by TMV infection. In N. 
tabacum, TMV-infected plants developed typical mosaic symptoms while 
TMV-43A-inoculated plants showed sympotomless. As replication of TMV-43A was 
slower than that of TMV, it implied that UPD was important for virus replication and the 
internal poly(A) tract in length of 43 nt could not fully replace UPD. However, after 
substitution, TMV-43A could still replicate in N. benthamiana protoplasts, indicating the 
UPD was not essential for TMV replication. Besides the substitution between poly(A) 
tract and UPD, the effects of different length poly(A) tract to virus replication were 
studied using three TMV(polyA+UPD) mutants. Different poly(A) tract in length of 24 nt, 
42 nt and 62 nt were introduced upstream of UPD in TMV genome, respectively. 
TMV(24A+UPD) showed the highest accumulation in N. benthamiana protoplasts and its 
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CP expression was also higher than that of TMV. It indicated that the 24 nt internal 
poly(A) tract co-exist with UPD could enhance virus replication and translation. However, 
when the introduced poly(A) tract in length of 62 nt, TMV(62A+UPD) replication 
declined in N. benthamiana protoplasts and its CP was not detectable after 72 hpt. After 
inoculation, TMV(24A+UPD)-inoculated plants were killed rapidly with a severe 
necrosis symptom. TMV(42A+UPD)-inoculated plants developed necrotic lesions 
specifically in the inoculated leaves while upper leaves kept symptomless. 
TMV(62A+UPD) did not induce symptoms after inoculation in N. benthamiana. The 
fragments that consisted of poly(A) tract and 3’-terminal genomic sequences were used 
for SHAPE analysis. The corresponding fragment sequence in TMV genome was used as 
a control, to compare the structural conformations of TMV(polyA+UPD) mutants. The 
SHAPE results revealed that TMV(42A+UPD) and TMV(62A+UPD) fragment structural 
conformations were different with that of TMV, because of the introduced 42 nt and 62 nt 
poly(A) tract produced an enlarged internal loop that altered the RNA structures. 
TMV(24A+UPD) fragment structures were similar to that of TMV, with an enlarged 
external loop in a stem-loop structure. TMV-3’-UTR is a highly structured domain that 
play an important role for virus replication. The UPD was part of TMV-3’-UTR and it 
enhances virus replication through interaction with host elongation factors. Our results 
revealed that TMV-UPD could be replaced with an 43 nt poly(A) tract but the replication 
efficiency decreased after substitution. In addition, when UPD and internal poly(A) tract 
were both present in TMV genome, the longer poly(A) tract (42 nt / 62 nt) upstream of 
UPD would alter viral 3’-UTR structures and led to reduced virus replication.    
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High-throughput sequencing technology was used to identify the small RNAs 
populations from TMV- and TMV-43A-infected N. benthamiana, respectively. The 
results revealed that the most abundant small RNAs were 21 nt and 24 nt in both TMV- 
and TMV-43A-infected N. benthamiana. MicroRNA analysis showed that new 
microRNA species were predicted from TMV-43A-infected plant, as compared to that of 
TMV. After alignment of small RNAs into viral genomes, viral siRNAs that derived from 
TMV and TMV-43A were analyzed, respectively. More viral siRNAs were generated 
from TMV, especially viral siRNAs derived from UPD region. Those UPD-siRNAs were 
predicted to target several host genes, such as, ‘protein kinase superfamily protein’, 
‘Ribonuclease P protein subunit’ and ‘Ethylene-responsive transcription factor’. From the 
small RNAs analysis, it indicated the different host responses after TMV and TMV-43A 
infection that generate various small RNAs profiles. The UPD-siRNAs and their putative 
host target genes also contributed to the lethal symptom development in TMV-inoculated 
N. benthamiana.  
A new stem-loop structure was discovered in TMV genome. It is consisted of 10 nt 
of CP gene and 15 nt from the 5’-end of TMV-3’-UTR. The stem-loop structure is 
located at the junction between CP and 3’-UTR. The deletion mutants demonstrated a 
higher viral RNAs accumulation in N. benthamiana protoplasts, indicating that the 
stem-loop structure would reduce TMV replication to certain extend. Because of the 
conformations of the stem-loop were not inverted as predicted, the stem-loop structural 
inverted mutants did not display the same level of replication as that of TMV. On the 
contrary, the RNA accumulation of the inverted mutants in either positive or negative 
strand was less than that of TMV. The nucleotide sequences containing partial CP gene 
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and 3’-UTR in other tobamoviruses were also analyzed for RNA structure prediction. The 
stem-loop structure was found in all tobamoviruses. The stem-loop structure functions as 
a bulge to regulate virus replication in TMV and this might be universal in tobamoviruses. 
In conclusion, the stem-loop structure is a cis-acting element that formed by partial 
coding and non-coding sequences to regulate virus replication.  
6.2 Future work 
1. The SHAPE results showed altered RNA structural conformations after the different 
lengths poly(A) tract were introduced into TMV genome. The longer poly(A) tract, the 
slower replication efficiency of the virus. However, how the altered RNA structural 
conformation affect virus replication is unknown. The UPD is known to interact with host 
elongation factor. According to the 3-D prediction results, the poly(A) tract partial 
blocked certain UPD regions, therefore, the affinity between host elongation factor and 
UPD will be tested among TMV(polyA+UPD) mutants. 
2. The UPD-derived siRNAs were predicted to target host genes. Further validation of 
those genes expression after TMV inoculation will be needed. We will identify the 
UPD-derived siRNAs and test whether the putative genes are affected by the viral derived 
siRNAs.  
3. There are many new microRNA species predicted from TMV-43A-infected N. 
benthamiana small RNAs libraries. They will be validated and tested for their functions 
in N. benthamiana after TMV-43A inoculation.  
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4. The stem-loop structure in TMV genome was shown to regulate virus replication. 
Similar stem-loop structure has been identified in other tobamoviruses. It is postulated 
that the stem-loop structure plays the same role to regulate virus replication in 
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LB medium: 1% Bacto
 ®
 - tryptone, 0.5% Bacto 
®
 - yeast extract, 0.5% NaCl, pH 7.5  
LB agar: LB medium with 1.5% Bacto 
®
 – agar, pH 7.5 
TAE: 40 mM Tris-acetate, 20 mM sodium acetate, 1 mM EDTA, pH 8.2  
TBE: 89 mM Tris-borate, 2 mM EDTA, pH 8.3  
TE: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0  
20 × SSC: 3 M NaCl, 0.3 M Trisodium citrate  
 
Appendix 2:  
1. List of predicted miRNAs from TMV- and TMV-43A-infected N. benthamiana small 
RNA libraries, respectively. (Excel format) 
2. Predicted target genes of miRNAs from mock, TMV- and TMV-43A-infected N. 
benthamiana small RNA libraries.  (Excel format) 
* As the raw data will occupy few hundred printed pages, they are not published here but 
an electronic copy is available for examination. 
 
 
 
